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During the period of this contract, 53 manuscripts (abstracts, reprints

and preprints attached) were pudblished or asccepted for publicatioan. 9

manuscripts have beon published or submitted for publication im the last

period of this contract (July 1, 1984 - February 15, 1985). Siace the _

manuscripts are attached, only a short description of the major scieatific

progress is given here.

h 1. Progress in Quantum ¥Well Laser Operation:

(s) Low-Threshold High-Power Lasers

One of the major accompl ishments of our quantum well laser research was
achieved by expoerimental and theoretical investigations that led to the

development of low threshold, high power guaptum well lasers. VWe have
demonstrated (with Burnham of Xerox) threshold currents below Mg}

and cw operation in the visible at appreciadble power 1levels (>10aN).

This represents major improvement over conventional structures. Details

can be found in manuseripts 10, 11, 19, and 22.

(b) Pattern Generation by Impurity Diffusion and Ionr Implaptation into Super-

lattices N

We have shown that superlattices can be selectively converted via

impurity-induced disordering (accepted or dopor) into bulk-crystal alloys

with significantly different dielectric properties. z )
X
X It is thought by many groups in the U.S. and Japan that these }:jl-:j
) DR
processes may form an important basis for future optoelectromic 3::;:--j
RN
integrated circuits (manuscripts 34-36 and 50). ""
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. (o) VWavelength Modificatiog of Quantus Well Lasers

Methods of wavel ength modification and broadband tuning have been esta-

blished (manuscripts 23, 37, and 38).

2. Straipned Layer Suyperlattices

We have shown that high quality strained heterolayer structures ocam be
produced which support s quasi-two-dimensional electron gas, display resomant
tuanel ing effects, and even show stimulated emission. Al though this demon
strates clearly that the interface defect density of the as~grown crystal is
low enough for many device appl ications, drastic degradation effects have been
observed in cw 1laser operation and also in FET operation of strained layer

structures. Details can be found in manuscripts 6-9 and 18.

3. Electronic propexties and Device Applications
We have continued to pursue the comcept of real space transfer and have

demonstrated its high potential for device npplications.

We have also developed the first two-dimensional model of the high elec-
tron mobility transistor. This model is capable of simulating size quantiza-
tion and velocity overshoot effects and the ul timate switching speed of these

devices (manuscripts 27-29, 41, 42, 51 and 52).

4. Physics of Optoelectronics ip Quantum Wel] Structures e

A wide variety of important physical effects in heterolayers has been fj}%

expl ored. We have performed detailed investigations of the dynamics of ﬁﬂfj

P

electron—hole collection in quantum wells (manuscript 1), the influence of (—

'__.:_.J

high pressure on the optical properties of superlattices (manuscripts 3, 5, 7, :Z%S

L
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and 48) and magneto-transport (manuscript 25) in low threshold quantum well

lasers. This research has resulted in a better understanding of material com
stants such as deformation potential constants and the electron-phonon

interaction in these structures.

$. Construction of ag MOCVD Reactor

A reactor !o; metalorganic chemicel vapor deposition of GaAs-AlGaAs epi-
laxial 1layers has been designed and completed. The system is computer con—
trolled and is capable of growing high uniformity superstructures with excel-
lent comntrol of interface abruptmess on the scale of momatomic layers

(manuscript 43, 44, and 53).

6. Activities ip the Present Peziod (#6)

In the present reporting period § papers (manmuscripts 45-53) have been
publ ished or accepted for publicationm. )hphuis h.-o'-N-;:o-n pl sced on superlat-
tice disordering and pattern genmeration by silicom diffusion: stripe~ geometry
and buried—heterostructure 1lasers have bdeen realized by this method (i.e.,
impurity—-induced disordering). Tunable laser operation in external gratings
as well ss under hydrostatic pressure has been accompl ished with quant um-well
heterostructures. This has resulted, for the first time, in tunable semicon

ductor laser operation over a 100meV range.(and not the previous limit of
—_—

ARw<40meV) . (-';hc theory of the dieleotric constant of superlattices has also
been consideradly reof ined. Two manuscripts have been devoted to the two-
dimensional modeling of the high mobility transistor and one manuscript
discusses the interface quality of our MOCVD-grown superlattices.
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The dynamics of carrier collection in quantum-well heterostructures are studied by

photoemission

and Monte Carlo simulations. It is shown that carrier scattering

experiments
decreases rapidly for well sizes L, S 100 A. The collection mechanism depends sensitively on
details of the band structure. The energy distribution function of the carriers after collection
exhibits significant structure with respact to multiples of the phonon energy. This feature is also

reflected by the experimental resuits.

PACS numbers: 42.55.Px, 71.38. + i, 78.55.Ds, 63.20.Kr

I. INTRODUCTION

If excess carriers are photogenerated or injected in the
confining layers of a single quantum-well heterostructure
withina diffusion length of the narrower gap active region,
the carriers will diffuse to the quantum well, be collected and
recombine in the well (GaAs) if it is large enough.’ The pro-
cess of excess carrier collection by single and multiple quan-
tum-well heterostructures (QWH) has been studied experi-
mentally and theoretically’ by means of Fermi’s age theory.
The main goal of this theory has been to explain the experi-
mentally observed cutoff of confined-particle recombination
for single-well sizes L, S 80 A.

It is the purpose of this paper to present a more refined
theory of the dynamics of carrier collection in quantum
wells, which includes detsils of the band structure and the
electron-phonon interaction, and to compare this theory
with experimental results. We use a Monte Carlo simulation
of the electrons percolating down in energy in a QWH by
phonon emission. This simulation gives a detailed account of
the history of the electrons in the I', X, and L valleys and
shows that the cutoff features for confined-particle recom-
binsation depend sensitively on the valley type in which the
electron resides when approaching and traversing the quan-
tum well. The transient energy distribution reflects also
characteristic structure with respect to the phonon energy
which can be related to similar structure in the QWH laser
spectrum. The theory is not complete, however, since effects
of size quantization are not included in the simulation. The
effects of a subband structure become increasingly impor-
tant at low energy, i.e., when the electron has cascaded down

.a substantial fraction of the QW. At higher energies, how-

ever, size quantization piays a minor role, because of the
small deBroglie wavelength, and we have to account only for
the quantum mechanical transmission probability from the
wider-gap confining layers to the GaAs well. Therefore, our
aumerical model is three dimensional with respect to the
scattering and transport of electrons in the GaAs. We as-
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sume that the electrons transmitted into the GaAs stay in the
valley type in which they started and simply gain kinetic
energy in the amount of the band edge discontinuity AE,.
This assumption is supported by investigations of the quan-
tum m:chamell transmission coefficient by Osbourn and
Smith.

ii. NUMERICAL RESUI.TS

The Monte Carlo program used for the computations is
arevised version of that described in previous papers.* With-
out going into details of the Monte Carlo model, we would
like to emphasize the importance of the inclusion of the real-
istic band structure in this problem because the electrons are
injected into the GaAs with a significant amount of kinetic
energy (AE_). They are scattered initially high up in the
GaAs conduction band where a simple effective mass ap-
proximation no longer holds. Therefore, the inclusion of the
band structure is absolutely necessary. We use ~ 7000 mesh
points and interpolations between these points. The £ (k) re-
lation is calcuiated by the empirical pseudopoteatial meth-
od. The band structure is not simulated too well by this mod-
¢l at very low energies (few points only), and the results at
low energies are therefore estimated to be in error by
4+ 20%. Within the model assumptions, our formalism
(which is equivalent to the semiclassical Boltzmann formal-
ism) is valid in the considered range of energies and scatter-
ing rates even if very strict criteria are applied.

The percentage of electrons scattered according to this

_ model at a certain distance in the GaAs is shown in Fig. 1.

0021 -8979/82/096043-04802.40
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This percentage does not directly reflect the percentage of
electrons captured in the quantum well because of possible
multiple electron reflection at the weil boundaries and the
possibility of phonon absorption and electron re-emission.
Phonon absorption contributes only a few percent to the re-
suits at room temperature and is entirely negligible at low
temperagures.

The influence of multiple reflection is displayed by the
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High energy Al, Ga, _,As (0<x<0.1) quantum-well heterostructure laser

M. D. Camras, N. Holonyak, Jr., K. Hess, and J. J. Coleman
Electrical Engineering Research Laboratory and Materials Research Laboratory, University of Illinois at

Urbana-Champaign, Urbana, Illinois 61801
R.D. Bumham and D. R. Scifres

Xerox Palo Alto Research Center, Palo Alto, California 94304

{Received 17 May 1982; accepted for publication 28 May 1982)

Besides high pressure or bulk crystal composition change, a size-determined direct-indirect
transition can be obtained in an Al, Ga, _ . As (0<x<0.1) quantum-well heterostructure {QWH),
in fact, at higher energy (E ~2.05 eV) than in bulk Al,Ga, _,As(~1.98 eV). Laser operation is
demonstrated at 6700~6500 A on a QWH grown by metalorganic chemical vapor deposition

(MOCVD).

PACS numbers: 42.55.Px, 71.50. + t, 78.65.Jd, 78.55.Ds

Previous work' indicates that if the GaAs active layers
of a quantum-well heterostructure (QWH) in the
AlAs-Al Ga, _, As-GaAs system are made small enough
(L, S 30 A}, then it should be possible to shift the recombina-
tion radiation and stimulated emission well into the visibie.
In fact, the possibility exists of using small GaAs well size
{L,), or small wells of Al, Ga, _, As of low composition
ix<0.1), to shift the various confined-particle states of the I",
L. and X valleys of the conduction band and I" of the valence
band to high enough energy to create a size-determined di-
rect-indirect transition exceeding in energy the bulk crystal
direct-indirect transition of Al, Ga, _, As (xsax, =0.44, £,

317 Appl. Phys. Lett. 41(4), 15 August 1982
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~ 1.98 eV). The physical reason for this behavior is that the
“disorder bowing” of the band edge, i.e., nonlinear contribu-
tions of x in E, (x), can be avoided in a QWH or superlattice
(SL). In this letter we examine this possibility and indicate to
what extent the bulk crystal direct-indirect transition can be
exceeded, in a QWH, by a size-determined direct-indirect
transition (4E ~ 2.05 — 1.98~0.07 eV). Data (300 K) are
presented on a 20-period Al, Ga, _  As-GaAs QWH (asmall
superlattice, SL) grown by metalorganic chemical vapor de-
position (MOCVD)*-* that are consistent with the conclu-
sion that an Ai, Ga, _, As-GaAs {or

Al Ga, _, As-AlL,Ga, _ As, ¢’ > 1) QWH can exceed an

€ 1982 Amencan Institute of Physics nz
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High pressure measurements on visible spectrum Al,Ga, _,As
" .+ heterostructure lasers: 7100-6750-A 300-K operation
S.W. Kirchosfer, K. Meehan, and N. Holonyak, Jr.
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D. A. Gulino and H. G. Drickamer
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(Received 29 April 1982; accepted for publication 2 June 1982)

Pressure applied to high performance cw 300-K bulk-limit (L, ~ 600 A) single quantum well
heterostructure Al Ga, _ ,As{x~0.28, 4 ~ 7100 A) laser diodes is used to simulate composition
change and determine the threshold increase at shorter wavelength. Uniess small quantum well
sizes are employed in more sophisticated designs it is unlikely that 4 (for cw 300-K operation) can

be made much less than 6900 A.

PACS numbers: 71.25.Tn, 73.40.Lq, 62.50. + p, 78.60.Fi

In spite of the fact that the semiconductor laser was first
demonstrated in the alloy GaAs, _ P, ' as soon asin GaAs®
and now is almost 20 years old, it still is not a commonly
available visible spectrum device. It simply has been too dif-
ficult, even in the most advanced form of a lattice-matched
heterostructure, to shift the operation from longer wave-
length toward ~ 7000 A and simultaneously maintain a low
threshold current. Recently Burnham and coworkers®*
have shown that large (L, ~ 600 A) single quantum well het-
erostructure (QWH) Al, Ga, _ , As lasers®® grown by meta-
lorganic chemical vapor deposition (MOCVD)™® can be op-
erated continuously at room temperature at significantly
shorter wavelengths and lower thresholds than the double
heterojunctions (DH) of previous work. Figure2of Ref. 3
shows recent MOCVD Al Ga, _, As QWH laser thre-
sholds, at various crystal compostions x, compared with the
carlier results of others on DH'’s. The data of Refs. 3 (and 4)
stop at x~0.28 and A ~7100 A, and give little idea of how
rapidly the threshold current density in the Al, Ga, _ , As
system would increase at stifl higher crystal composition
{shorter wavelength), which can in fact be simulated with
pressure. In other words, hydrostatic pressure applied to the
high performance visible spectrum QWH lasers of Refs. 3
and 4 affords a unique means to probe the range {and limits)
over which stimulated emission (300 K) can be achieved in
the Al,Ga, _, As system.

Hydrostatic pressure measurements have been per-
formed on these visible spectrum QWH laser diodes. The
techniques used in these high pressure experiments are the
same as those used previously for studies on other QWH
laser diodes.'®!! The diodes are placed in a high pressure
cell'? outfitted with a sapphire window and standard Bridg-
man electric seals. The cell is filled with a dielectric Auid
consisting of 10% isooctane in methylcyclohexane. An in-
tensifier {previously calibrated against a manganin gauge) is
connected to the cell and used to apply pressure. This appa-
ratus is operable to ~ 12 kbar.

The single quantum well heterostructure laser diodes

408 Appi. Phys. Lett. 41(5), 1 September 1982  0003-8951,82,/05040€-02%01.00

tested here are grown by MOCVD as described in Refs. 3
and 4. Their structure consists of (1) GaAs:Se buffer layer
~0.3 gm thick, N, ~10'* cm~?; (2) Al,Ga, _ ,As:Se~0.5
pm thick, x ~0.25, N, ~3x 10" cm~3;(3) AL, Ga, _ , As:Se
~3 um thick, x>0.6, N, ~3x 10" cm~>; (4) AL,Ga, _, As
(undoped) active layer ~600 A thick, 0<x<0.28,
N,~3x10%cm™3; (5) AL, Ga, _,As:Zn~2.75 um thick,
x>0.6, N, ~3x10'" em™?; (6) Al,Ga, _ ,A3:Zn~0.25 um
thick, x ~0.25, N, ~ 10'® cm~?; and (7) GaAs:Zn contact
layer ~0.5 gm thick, N, ~5 X 10'° cm 3. These diodes are
fabricated in a stripe geometry configuration and are metal-
lized with Au/Ge on the nside and Cr/Au on the p side. Al-
though cw 300-K laser operation is possible with these de-
vices,* pulsed operation is used to avoid confusion of the data
by heating effects. The diodes are pulsed as near to threshold
as possible to avoid band filling.

The change in the photon energy of the peak lasing in-
tensity with pressure is shown in Fig. 1. The data points are
fitted by the least-squares method, and a pressure coefficient
of ~ 8.2 meV/bar is measured. This resuit for the pressure

188 Y ~—T -r T T
Al Gay_ A8 1 ~028 B~}
L, ~600 A
300 K
2w - -
5
H
™)
e 1
[(R]: o}
e 49 38 ?
L s e ' i
[} 2 4 6 8 10

Prenure thbar)
FIG. 1. Peak laser energy Vs pressure for a bulk-limit (£, ~ 600 A} single
quantum well laser diode operated under hydrostatic pressure. The inset is
the room-temperature pulsed spectrum of the diode at a pressure of 10kbar.
The diode exhibits a linear energy vs pressure dependence of ~8.2 meV/
kbar over the entire range 0-11 kbar 17100-6750 A).
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QUANTUM-WELL AND SUPERLATTICE LASERS: FUNDAMENTAL EFFECTS

N. Holonyak, Jr. :‘

Electrical Engineering Research Laboratory and l:',:::I

Materials Research Laboratory v
University of Illinois at Urbana-Champaign -
Urbana, Illinois 61801 [

ABSTRACT

Besides the improvements that can be effected in laser design :
and operation by the use of a quantum-well (QW) or superlattice (SL) e
configuration, various fundamental effects also can be observed. ?"_
Some of these are: 1) slectron-hole asymmetry (mass and velocity -
and its use to measure band-edge discontinuities, 2) identification R
of phonon-sideband laser operation, 3) alloy clustering and reduc-
tion of "band-to-band"” (e+h) recombination energies, 4) impurity- R
induced layer disordering, 5) high pressure measurements that permit
observation of the behavior (pressure coefficients) of the "inside" e
of an energy band, and 6) & quantum-well or size-induced "direct- " C
indirect” trausition (in the AlAs~AlGaAs-GaAs system) higher in
energy than the bulk value of the disordered alloy.

INTRODUCTION o
h“ .’

In the usual double heterojunction (DH) laser the narrow gap R
active region is greater in thickness than ~ 500 A and, as a con- .
sequence, bulk-crystal properties are observed. If the active lay-
er thickness, Lz, is in the range Lz £ 500 &, f.e., A ~ h/p ~ Lg, ety
confined-particle or quantum size effects are manifest. Apart from e
the fact that improvements can be effected in laser design and op- s
eration!=3 by resorting to a quantum~well (QW) or superlattice (SL) -
configuration, various fundamental effects also can be observed. \oad
Some of these, including the electron-hole asymmetry and the pec- o
uliarities of carrier collection, phonon genmeration, alloy cluster- "
ing, layer disorder, high pressure effects, and size-induced direct- g
indirect transition, are described below. o
1 r
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‘ nghpnauromummnuonu Ga,_,As-GaAs (x=0.5and 1) {-;?;,3

superiattices and quantum-weil heterostructure lasers o

8. W. Kirchosfer, N. Holonyak, Jr., K. Hess, and K. Meshen e

Blsctrical Enginosring Ressarch Leborasery and Materials Ressarch Labovasory, University of [llinels at e

" Urbane-Champeign, Urbana, Illinois 61801 ) :—'-

D.A. Guiino and H. G. Drickamer T

School of Chemical Sciences and Materials Ressarch Labovatory, University of Illincis st Urbene-
Chempeign, Urbans, Illinots 6180}

J.J. Coleman® and P. D. Depkus '

(Received 18 March 1982; accepted for publicstion 13 May 1982) e

Absorption dsta cn AlAs-GaAs and Al, Ga, _ , As-GaAs superisttices (SL's) and emission data ]

on AL,Ga, _,As-GaAs heterostructure (QWH) laser diodes subjected to

quantum-well - 4
hydrostatic pressure (0-10 kbar) at 300 K are presented. Superisttice absorption dats show that - NSNS
‘band edge, all move with the same pressure coeflicient of 11.5 meV/kbar. (For bulk GaAs, the ¢
pressure coefficient is 12.5 meV /kbar.) The effect of the L indirect minima on the highest observed 4
coufined-particle transitions is small; the effect of the X minima is large. At lower pressures, {
QWH diodes exhibit a pressure dependence similar to that of the free (unconstrained) SL's. The i
data on QWH diodes demonstrate, however, a size-dependent [ L,(GaAs) < 500 A ] shift in slope
to a Jower (8.5 meV/kbar) energy gap versus pressure coeflicient at higher pressures. This change
in slope can be explained by considering the effect on the light- and heavy-hole subbands of shear
stresses generated within the p-» diode heterostructure.

PACS numbers: 42.55.Px, 62.50. + p, 71.25.Tn, 73.60.Fw

L INTRODUCTION

The effects of hydrostatic pressure on the band struc-
ture of semiconductors have long formed the basis for the
measurement of important physical parameters in these ma-
terials. In particular, the pressure dependence of the conduc-
tion band minima in GaAs, and to a lesser extent in
Al Ga, _,As, has been characterized and is known to be

linear for “low” pressures (i.¢., p < 100 kbar). Recent experi-

ments on quantum-well heterostructures (QWH's) grown by
metalorganic chemical vapor deposition (MO-CVD), how-
ever, have shown departures from GaAs-like pressure de-
pendence for p < 10 kbar in both doped sampies operated as
p-n junction laser diodes’ and in undoped superiattices used
aahorpﬁonmph."fhcmlﬂmmm-
socisted with the presence of hetercinterfaces and thin lay-
ers, and bulk p-layer s-layer mismatch (diodes), in these ma-
terials are respomsible for their anomalous hydrostatic
pressure behavior.
Ituwwmmumm

tatic condition. In order to conform actually to a hydrostatic
environment, a sampie must be homogeneous, s bulk sam-
ple, and be free of suy stress-inducing mechanical connec-
tions. Any type of a heterostructure or p-n junction violates

“Now st the Usiversity of [isois.
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these sesumptions to some degree, and 30 one might expect
to soe effects amsocisted with directional stresses in such ma-
terials subjected to hydrostatic pressure.

It has boen cbeerved recently that QWH's are excellent
detectors of the presence of such directional stresses. This is
in fact due to the breaking of the I~ degeneracy of light- and
hesvy-hole subbands (at zero pressure) in QWH’s. Relative
movement between light- and heavy-bole subbands in a
QWH can be more easily detacted because of their built-in
separation. Since movement of the light holes relative to the
heavy holes is known to be associated with uniaxial stress in
the [100] direction in GaAs,’* observations of such an effect
indicate the presence of some form of directional stress in the
crystal. This property of heterostructures under pressure is
used here to examine a number of Al, Ga, _ ,As-GaAs p-n
junction lsser diodes. For reference snd comparison, several
AlAs-GsAs and Al, Ga, _ , As-GaAs superiattice piatelets,
unconstrained samples that are free of p and » bulk “con-
tact” layers, are examined in absorption.

N. SAMPLE PREPARATION

Superiattice (SL) crystals composed of alternating lay-
ers of AlAs-GaAs and Al Gs, _,As-GaAs (x~0.5), and
with various layer sizes L, and L 4, have been grown by MO-
CVD.? Experimental samples cleaved from these SL crystals
are of excellent quality, operating as 300 K cw lasery in plate-
let form.* The samples are prepared for sbsorption measure-
ments (and photopumped laser experiments) by first remov-
ing the GaAs substrate by mechanical polishing and
selective etching. The resulting thin platelets are attached to
a sapphire sampie holder with silicone grease. The hoider is

@ 1082 American institute of Physice 03?7
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" ‘stimulated emission in strained GaAs, _,P,-GaAs, _, P, superiattices

M. J. Ludowise, W.T. Dietze, and C. R. Lowis

Corperare Solid State Laboratory, Varien Associates, Incorporated, Palo Alto, California 94303

N. Holonyak, Jr., K. Hess, M. D. Camras, and M. A. Nixon
Blectrical Enginesring Ressarch Loborasory and Maserials Ressarch Laboratory University of Illinois at

Urbans-Champeign, Urbana, Illinois 61801

(Received 3 September 1982; accepted for publication 3 November 1982)

Photoluminescence data sre presented on 8 direct-well GaAs, _ P, -GaAs (x ~0.25) strained
superiattice (SL) (barrier L, ~73 A, quantum well L, ~75 A) and on indirect-well GaP-
GaAs, __P, (x~0.6)strained SL's(L,,L, ~120A and L, , L, ~ 60 A) grown by organometallic
vapor phase epitaxy. Stimulated emission (st 300 and at 77 K) is observed in the former but only
wesk luminescence in the lstter, thus establishing that a large density of defects at the
heterointerfaces is not necessarily an issue in strained SL's and that 3o far zone-folding effects, and
SL “indirect-direct” conversion, have not been observed in indirect systems.

PACS numbers: 42.55.Px, 68.48, 4 f, 78.20. — ¢, 68.55. + b

Although a good deal of flexibility exists in the III.V
family of semiconductors which permits formation of 3 wide
range of lattice-matched heterostructures, there is, neverthe-
less, the practical constraint of limited availability of high
quality binary substrates at desired lattice sizes. Thus, lattice
matching is not always practical, and it would be of consider-
able value if strained-layer heterostructures, with limited in-
terface defects and a high degree of stability, could be grown.
A specific case is that of GaAs, _ . P, grown on GaAs oron
GaP, which, in the usual thick-layer heterostructure, resuits
in a large defect density at the heterointerfaces.'~ If the lay-
ers are thin enough, however, as in a strained-layer superiat-
tice (SL), the layers deform elastically, and presumably the
interface defect density can be kept low. This cannot easily
be concluded, however, from the GaP-GaAs, _, P, strained
SL’s recently described*® in which the quantum wells are
indirect-gap GaAs, _ P, [x>x,(77)=0.46}.° That is, un-
less a high level of luminescence is measured, it is not obvious
whether a “quantum-well” indirect-gap crystal has failed to
act direct (a zone-folding effect) or whether the heterointer-
face defect density is large. (We return to this point later.)
Accordingly, a better demonstration of the freedom of a
strained-SL heterointerface from defects wouid be to consid-
er such a structure with direct-gap quantum wells, and ob-
serve on it unambiguously a high level of luminescence. In
this letter we demonstrate stimulated emission, and thus a
low heterointerface defect density, on photopumped
GaAs, _ . P, -GaAs (x ~0.25) strained SL’s with 66 periods
or 132 heterointerfaces.

The strained GaAs, _ P, -GaAs SL'’s of interest here
have been grown by the organometallic vapor phase epitax-
ial (OMVPE) process reported on elsewhere.” The SL's
themselves resemble the Al Ga,_ . As-GaAs or AlAs-
GaAs SL's described earlier grown by metalorganic chemi-
cal vapor deposition (MOCVD).*? A typical shallow angle
cross section of the GaAs, _, P, -GaAs strained SL's of in-
terest here is shown in Fig. 1. Note that the vertical striations
are polishing scratches. Out of view at the bottom is a GaAs
substrate and then a GaAs, _ P, layer graded fromy = Oto
»=0.125, the averge composition of the SL. The strained SL
begins at the upward arrow and extends 1 um to the top
257 Appl. Prys. Lett. 42 (3), 1 February 1883
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arrow with 66 GaAs, _, P, (x~0.25) layers of thickness
Ly ~75 A alternating with 66 GaAs quantum wells also of
thickness L, ~75 A. Above the top arrow is the crystal sur-
face and some noticeable, as well as typical, cross-hatch
characteristic of GaAs, _ . P, grown on GaAs.

- For the photopumping experiments of interest here, the
GaAs substrate is polished and etched off as much as is pos-
sible. Small wafers polished to thin dimensions (~25 um)
and then etched (no stop layer) to a thickness of 2 um or less
tend to have feathered edges that are free of substrate. It is
from this region that samples are cleaved and are heat sunk

- under diamond in annealed copper. The samples are photo-

pumped with a cavity dumped Ar* laser (5145 A).

GaAsy -x"x-_

FIG. 1.mm¢(<o.nmmd.mmmum
sisting of L, ~75-A GaAs quantum wells coupled by L,~73-A
GaAs, _ P, (x~0.23) barriers. The upper arrow indicates the “corner”
with the lightly cross-hatched wafer surface. The ~ I-um SL is shown
between the arrows. Beneath the lower arrow is s graded region of
GaAs, _, P, (0.1255y50) grown on a GaAs substrate. The vertical stria-
tions are polishing scratches.
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ABSORPTION MRASUREMENTS AT NIGH PRESSURE (0-10 kbar)
O STRAINED SUPERLATTICES

P. Gavrilovic, K. Maahan, N. Iolonysk, Jr., and K. Esss
Tlectrical Eagiaeering Ressarch Laboratory amd Masterials Ressarch Ladorstory
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WP, Zuraweky and K.G. Dricksmer
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M.J. ludowise, W.T. Dietza, and C.R. Lewvis
Corporste 3%0lid State Laboratory, Varian Associates, Inc.
611 Nansen %Wsy, Palo Alto, Califoraia 94303

(Received 5 November 1982 by A.A. Maradudin)

Absorption data on strained GeAs;_.P.-GaAs superlactices (SL, 128-period, barrier size

Ly~ 75 A, quantum~well sise L,- 75 4,
0~10 kbars.
satched

comsposiction x ~ 0.25) are preseated in ths range
The absorption curves obdtained show 0o excitou pesks such as ssen in lattice-
s~CeAs SL's, and the pressure coefficient decreasss from l1.5 meV/kbar to

~ 10.5 maV kb}?‘m the wells end -~ 6.5 meV/kbar st energies approaching and above the barrier

energies.
disorder, and clustering, of the barriers.

Although w®ost hetecrostructurss have been
constructed in lattice~matched III-V systeas,
for fundsmental and various practical reascas
mismatched strained-layer heterostructures and
superlattices are begianing to gain attemtion,
particularly since newer crystal growth msthods
nov permit successful growth of thass struc-
tures. PFor example, recently attempts to obd~
serve zone-folding effects on GaP-GaAs)_ P
urrtm superlattices (SL) have been report-

. Also, ispurity-induced layer disordering
cxpcrm’u have been ceported on the sema type
of SL's.” Most recently successful lassr opera~-
tion, both pulsed end continuous (cw), has been
obtained (300 X) on l"ln‘s:l_:‘l and
GaAs)_ P ~GaAs strained SL's.”’ results of
Rafs. 3 and 4 are {mportaat {an showiang that
thesa as-grown strained SL's, with seay inter-
faces and thus amany posaibilities for defact
foruation, are nevertheless relatively free of
defects. Otherwise the laser operation of Refs.
3 and 4 would not be possible. Immediately then
an interesting and important question conceraning
a strained SL, particularly one relatively free
of defects (i1.e., good cumi‘h to operate &s & cw
300 X photopumped laser),” is that of how it
compares to & lactice-matched SL. For example,
how does & GaAs,_,P,-GaAs strained SL compare ia
fundamental behavior to an Al,Ga)_ . As-GaAs
SL? Coacerning this question, in this paper we
report high pressure adbsorption wmeasurements
(300 K) showtng that the confined-particle
exciton :rmuuong, normally visible in a
lattice-satched SL,” vanish in the cass of a
strained SL. In eddition, a lasser pressure
coefficient 1is aeasured because of the bduilt-ia
strain and the alloy randomness coupled (via
strain) from the alloy barriers (GaAs;_,P,) iato
the blnary wells (GaAs).

..e e ..
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This bshavior is actriduted to the fluctuations in strain caussd by the alloy

Two fundamentslly diffeveant strained Sl's,
a 66-period GaAs-In_Ga 8 (x ~ 0.20) SL and &
128-period m-lgt-cl:f: (x - 0.25) SL wich
Ly~ 75~A barriers and Lg- 75-A quantum wells,
have been grown for these experiments. Thase
SL's have been grown by organcmstallic vapor
phass epitaxy (OMVPE) ,6 or matalorganic cheamical
vapor deposition (MOCVD), aund, as for highly
unur-- Al,Ga)_,As-GaAs SL's grown earlier by
s’ the crystal growth apperatus is electron~
ically operated and computer controlled so as to
ensure the growth of equally uniform as well as
teproducible layers (shown in Figs. | of Rafs. 3
and 4), The crystal growth is accomplished at
625°C for Mrlurccl- s SL's and at 7350°C for
GaAsy._ P, -GaAs SL's. growth rates used are
400 l-r as deterained from separate thick-
layer calibration experiments.

In order to compare the boluvtgr of
strained SL's with lattice-matched SL's,” both
vith the ssme kind of binary quantum wells
(GaAs), we pressnt data belowv on only the
GaAs|_ P, ~GaAs (x -~ 0.25) strained SL. Unlike
pravious SL's, however, this SL has been pro-
vided (and improved) with higher gap confianing
layers, specifically Ga)_yAl) Py (x ~ 0.25,
y - 0.6) coufining layers “that are - 800 2
chick. One of thease confining layers is growm
on the top side of the SL and one on the bottom
side ismediately following s GaAs;_,P, graded
layer that 1is grown first on a GaAs substrate
and is changed in composition over 0.l um thick-
ness from x=0 to x » 0,125 (i.e., to the average
composition of the SL). The bottom Al-~contain-
ing confining layer acts as a convenient "stop
layer” cthat permits polishing and etch removal
of all of the substrate and graded region 0
that sbeorption (or emission) ssasuresents can
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Impurity induced disordering of strained GaP-GaAs, _ P, (x~0.6)
superiattices

' M. D. Camras, N. Holonyak, Jr., and IC Hess
N Electrical Enginesring Ressarch Laboratory and Materials Research Laboratory, University of Illinois at
E Urbana-Champaign, Urbane, Illinois 610!

. M. J. Ludowise, W. T. Dietze, and C. R. Lewis
Solid Scate Laborasory, Varian Associates, Incorporated, 611 Hansen Way, Palo Alta, California 94303
- (Received 16 August 1982; accepted for publication 18 October 1982)

Data are presented showing that Zn diffusion into a strained GaP-GaAs, _ . P, (x~0.6)
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superiattice (40 periods, L, ~ 120 A GaAsP quantum wells, L, ~ 120 A GaP barriers) enhances

v the interdiffusion of As and P (anion interchange) at the heteriointerfaces, thus resulting in 4
- disordered indirect gap bulk crystal GaAs, _,P,(x~0.8). ;:-:.'_-_j
- PACS numbers: 66.30.Jt, 64.70.Kb, 64.75. + g, 68.48. + f RO
Recent work on AlAs-GaAs and Al,Ga, _,As-GaAs tial-substitutional Zn diffusion process in a material such as r
supperlattices (SL's), as well as on similar quantum well he- GaAs a closely associated interstitial Zn, vacancy peir or e
terostructures (QWH's), has shown that the heterointer-  “molecule” (Zn,, V) plays an important role in permitting e

faces, and thus the crystal, are unstable against either Zn Al and Ga atoms to interchange. The (Zn,, V) pair or “mole- M

diffusion (500-600 °C)'~* or Si ion impiantation.’ Toexpiain  cule” acts as a high concentration pseudovacancy that is :::-::.-

this behavior it has been proposed’ that in the usual intersti- available for the Al-Ga interchange, particularly at a heter- R

185 ADDI. Phys. Lett. 42(2), 15 January 1963  0003-8961/83/020185-03301.00 3 1963 American Institute of Phymics 188 RN
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’ . Continuous 300-K laser operation of strained superiattices

M. J. Ludowise, W. T. Dietze, and C. R. Lewis

Corporate Solid State Laborasory, Varian Associates, Incorporated, 611 Hansen Way, Palo Alto, California
94303

M. D. Camras, N. Holonyak, Jr., B. K. Fuller, and M. A. Nixon
Electrical Engineering Research Laboratory and Materials Ressarch Laboratory, University of Illinois at

Urbane-Champaign. Urbana. Illinois 61301

(Received 26 October 1982; accepted for publication 3 January 1983)

Coatinuous (cw) 300-K laser operation of a 66-period lower energy GaAs-In, Ga, _,As (x~0.2)
strained superiattice (SL) and a higher energy 128-period GaAs, .. P, -GaAs {x ~0.25) strained
SL is demoastrated. The strained SL's are grown by organometallic vapor phase epitaxy
(OMVPE) or metalorganic chemical vapor deposition (MOCVD) with higher gap quaternary
confining layers and L, ~75 A barriers and L, ~75 A quantum wells. These SL's are unstable
during high level excitation, failing in 2-20 min when operated cw at 300 K as photopumped
lagers.

PACS numbers: 42.55.Px, 78.45. + h, 78.20. — ¢, 78.55.Ds

Essentially all heterostructure devices of any practical
merit have been constructed in lattice-matched III-V sys-
tems. For various reasons it is interesting to consider heter-
ostructures constructed in mismatched systems. Not the
least of these is the fact that high quality binary substrates
are not available at all the interesting or desired lattice sizes,
and hence mismatched III-V layer growth in some circum-
stances is inevitable. Also, in many cases it is of some inter-
est, for physical and band structure reasons (e.g., zone-fold-
ing experiments),' to grow (in thin layer form) ome
mismatched material on another. In addition, it is of some
importance for general understanding to establish what limi-
tures with mismatched, and thus strained thin layers. For
example, recently we? have shown that s GaAs, _, P, -GaAs
(x ~0.25) strained superiattice (SL) is capable of pulsed-exci-
tation photoputnped laser operation at 300 K, which would
not be possible if a high density of defects existed at the large
number (132) of heterointerfaces. Since a strained SL will
operate as a laser,? an immediate unanswered question is
that of whether a strained SL is capable of continuous {cw)
300-K laser operation, and whether the operation and thus
the SL are stable. In this letter, we demonstrate the former,
but at the high excitation level characteristic of cw 300-K
laser operation (~ 10° A/cm’) the luminescence decays as
the strained SL

Two fundamentally different strained SL's, a 66-period
GaAs-In,Ga, _.As (x~020) SL and a 128-period
GaAs, _,P,-GaAs (x~0.25) SL, have been grown for these
experiments by organometallic vapor phase epitaxy
(OMVPE) or metalorganic chemical vapor deposition
(MOCVD).} As for the case of highly uniform
Al_Ga, _, As-GaAs SL’s grown earlier by VPE,* in the pre-
sent case the crystal growth apparatus is electronically oper-
ated and computer controlled. The crystal growth is first
calibrated with respect 10 composition (x) and growth rate
(layer thickness) on easily examined thicker layers. Growth
rates are typically 400 A/min for these structures. A special
feature of the crystal growth apparatus is its capability for
handling the four components Ga, In, Al, and As in the case

497 Appi. Phys. Lett. 42 (6), 15 March 1963
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of GaAs-In,-Ga, _,As SL's and Ga, Al, As, and P in the
caseof GaAs, _ P, -GaAs SL's. This has made it possible to
provide higher gap In, AL Ga,_,_,As (x~0.1, y~0.6)
confining layers on the 66-period SL with In,Ga, _, As
quantum wells and higher gap Al, Ga, _,As, _,P, (x~0.25,
y~0.6) confining layers on the 128-period SL with GaAs
quantum wells.

A shallow-angle { <0.5") or slant cross section of the
alloy well SL is shown in Fig. 1. At the bottom of the figure is
a GaAs substrate, which is followed by a thin In_Ga, _,As
Iayer (g) linearly graded from x = 0(GaAs)tox = 0.1,i.e, t0

F1G. 1. Shallow- { < 0.5} croes section of a 66-period strained SL con-
sisting of L, ~7$ A In,Gs, _ As x~0.2) quantum wells coupled by L,
~75 A GaAs barriers. A graded region () of In, Ga, _ A3 i0<x<0.1) is
first grown on a GaAs substrate (by OMVPE). This is followed by an ~ 800-
A In,Al,Gs, _,_,As confining layer (arrows at lower right). The ~ l-um
strained SL is next (center arrowsi, with an ~800-A In, Al Gs, _ As
1x~0.1, y~0.6) confining layer on top. (The upper layers appear thicker
because of rounding of the “corner” formed by the slant cross section and
the wafer surface.

® 1983 American institute of Physics
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'Low threshold photopumped Al Ga, _,As quantum-well
heterostructure lasers -

R. D. Burnham, W. Streifer, and D. R. Scifres
Xerox Palo Alto Research Center, Palo Also. California 94304

N. Holonyak, Jr., K. Hess, and M. D. Camras :
Electrical Engineering Research Laboratory and Materials Research Laboratory, University of lllinois at
Urbana-Champaign, Urbana, Illinois 61801

{Received 19 November 1982; accepted for publication 20 January 1983)

Data are preseated on very low threshold photopumped separate-confinement quantum-well
heterostructure (SC QWH) lasers grown by ic chemical vapor deposition (MOCVD).
An unusually thin single quantum well (size L, S 60 A) is employed in the QWH with the carriers
confined (“trapped™) in the interior “cladding™ region, which serves also as the optical waveguide.
Excess carriers, which are photogenerated (or injected), are confined in the thin interior cladding
region (size L, ~ 1000 A) and, in this charge reservoir and waveguide region, are thermionically
“emitted” back and forth across the well until scattered to lower energy in the well (4E ~#w, )
and collected. Continuous (cw) 300 K photopumed laser operation of these QWH’s is
demonstrated for very short cavities. For one QWH wafer laser operation occurs at 4 ~7730 A
with a photopumping threshold of 380 W/cm? (J,, ~ 160 A/cm?*) and for another wafer at

A ~7000 A with threshold 10* W/cm*J,, ~410 A/cm?). The photopumped samples are as small
as 20X 40 um, thus making these laser thresholds (for such short cavity lengths) a factor of 3-10

better than the lowest previously reported.

PACS numbers: 78.45. + h, 42.55.Px, 78.55. — m, 78.20. — ¢

1. INTRODUCTION

Recently a single qusatum-well heterostructure
(QWH) laser has been introduced that consists of an ultra
thin quantum well (Z, < 80 A) inserted into the center of the
narrower gap thin interior “cladding™ region (see inset of
Fig. 1).! This is an interesting and useful design because the
laser waveguide properties are determined by the interior
cladding portion of the structure (L, ) and the carrier recom-
bination by the quantum well (L,), which, in fact, can be
much smaller in size than L, =80 A (the collecting limit of a
GaAs quantum well confined between rhick Al,Ga, _.As
layers).? In the central region of dimension L, =0.1 um (in-
set of Fig. 1) the excess injected or photogenerated electrons
recombine or are collected in the well and then recombine.
The injected carriers are confined (“trapped ') near the quan-
tum well within distance L, and if an electron is not scat-
tered to lower energy (AE ~ vy o) and collected on its first
excursion over the well, it will repeat the traversals until
captured in the well or until after a long enough time it re-
combines outside of the well (in the confinement region L, of
Fig. 1). Before this occurs, however, the confined carriers
experience an incressed probability of capture in the quan-
tum well because of being in a constant state of transport
(thermionic *‘emission”) across the well. In essence, because
of the carrier’s multipie opportunities to scatter into the weil,
the extremely smail well appears magnified in respect to car-
rier capture (and recombination) but is not itself the source of
much absorption. In other words, the internal cladding re-
gion of width L, acts as a reservoir for excess carriers. In
addition. the very thin QW absorbs very little light in its
unpumped state and only very little current then renders it
transparent. Thus an extremely small single quantum well

2618 J. Appl. Phys. 84 (S), May 1963
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can be used to advantage in a QWH laser. In this paper we
show that a single quantum-well heterostructure as de-
scribed is capable of extremely low threshold continuous
Energy (eV)

17 18

";. T T T L
M...@'_.nM-M,.Gq_,'ArAI‘Gl,_,AsQWH
L,*“A.L,'*lmA .
200 X (CW)

‘v

Relative Emission Intensity

i
18 74 72 7.0 6.8
Wavelengeh (109A)

F1G. 1. Low threshold cw 300 K Al, Gas, . , As quantum-well heterostruc-
ture laser (4 ~ 7730 A) as shown (conduction band) in the inset. The photo-
pumped sampie (20 X 40 um ares) reaches threshold at § mW of measured
photopumping (As * laser, 3143 A). Half of this power is transmitted to and
is focwsed on the the sample, or 330 W/cm® 1/, ~ 160 A/cm?). The dashed

curve (d} corresponds to 77 K.
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LOW-THRESHOLD SINGLE QUANTUM
WELL (60 A) GaAlAs LASERS GROWN
8Y MO-CVD WITH Mg AS p-TYPE
DOPANT

Indexing terms: Semiconductor devices and materials, Semi-
conductor lasers

The letter reports low-threshold MO-CVD GaAlAs DH
(~7730 A) lasers containing Mg as the p-type dopant. The
structure consists of symmetric stepped index cladding layers
on both sides of a thin single quantum weil (~60 A) active
region. Broad-area threshold current densities of 460 A cm~?
and 270 A cm~? are achieved for cavity lengths of 250 and
500 um., respectively. Broad-area room-temperature lasers
without facet coatings emit in excess of 400 mW/facet CW
output power.

We report low-threshold operation of a quantum well diode
laser, whose p-side cladding regions and active region are
magnesium-doped. Mg is expected to be more attractive than
Zn as a p-type dopant in GaAs and related III-V compounds
because the diffusion coeflicient of Mg is about 10* times
lower than that of Zn in GaAs.! Zn has been shown? to
migrate in Ga, . ,Al,As at low temperatyre and produce com-
positional disorder at a Ga, _,Al As-GaAs interface. Mukai et
al.> showed that Mg can be incorporated as an acceptor in
liquid phase epitaxy (LPE) grown Ga,_ Al ,As and that the
resistivity of Ga, . Al As doped with Mg exhibits a low tem-
perature dependence. Wolf et al.* reported very low degrada-
tion (about 10~% h~' at 100-120°C) GaAlAs DH (3800 A)
vxide stripe lasers grown by liquid phase epitaxy using Mg as
the p-type dopant in the cladding layer. Recently, a metalorga-
nic compound bisicyclopentadienyl) magnesium (C,H,);Mg
was reported to yield excellent results as a source of Mg in
MO-CVD growth.® However, diode lasers grown by
MO-CVD with Mg as a p-type dopant have not been repor-
ted.

Tsang® "-and Hersee et al.® have used a graded aluminium
fraction (x) in the Ga, _ ,Al_As optical cavity cladding a quan-
tum well active region®'® to substantially reduce the broad-
area lasing threshold compared with a conventional double
heterostructure laser. The lasers were grown by MBE®" with
undoped active and graded cladding regions and by low-
pressure MO-CVD with Zn as a p-type dopant. Using atmo-
spheric pressure MO-CVD in a vertical reactor.!'~!? we (oo
have grown and characterised broad-area lasers with a similar
structure.t These devices contain a symmetric step index in
the cladding regions (in contrast to graded index layers®®)
bounding a single quantum well that is not intentionally
doped. Threshold current densities below 300 Acm? were
measured for various well thicknesses between 60 and 200 A.
All these devices utilised Zn as the p-type dopant.

A-type n-t p-t p-type
confiement contmement cgggl-'-\'m
layer layer ., layer | layer
| : .
2 aor ! 4
i |
<0 70'-
<
2
g
< 0%
§ |
2
§ o eoz—
®aq30p g
| I 6003
22¢H '
i
3 !o‘t_ -L 604 active egon
| —
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Fig. 1 liiustratng the camation of diumnium fraction < with laver
thickness 1or tne idser

4 ALRNHAM. R. D.. SCIFRES, D. R, and STREIFER, v : Unapublished results

A T AP P A TR AL S P L
B S s SRR C DRI

-/

Our purpose in this letter is to describe a similar laser with
the same reduction in broad-area threshold current density,
but employing Mg as the p-type dopant in both the cladding
and active layers. The structure, layer compositions and thick-
nesses are shown in Fig. 1. The active region contains ~ 5%
Al and is 60 A thick; the inner claddings are composed of
~ 3(5)% Al and are 600 A thick: the outer regions contain
~ T5% Al

Fig. 2 shows typical broad-area light-output/pulsed-current
(L/I) characteristics at 300 K for two different cavity lengths.
For a laser 250 um long and 216 um wide, J,, ~ 460 Acm "2,
whereas 500 um-long lasers of the same width have thresholds
of J, =~ 270 Acm™?%. Although the Al constituted only 5% of
the active layer, the 500 um- and 250 um-long devices lased
simultaneously in several longitudinal modes centred at 7718

A and 7755 A, respectively; the difference in photon energy
T LR 7 | 7 1] L
L 300 K 4
Wate
60~ ]
i L e 250 pm i
w}_ J",-GSOA em? -

L=500um 2
Jn =270 Arcen

5
2

output power/ facet mW
-]
T
i 1

0 R
or 7
ol L i L ! : T ! R
0 02 [ 06 08 10
puised current A 2

Fig. 2 Puised room-temperature L.l characteristics for a symmetric

step index Ga, . Al As single quantum well heterostructure laser diode
with 250 um- and 500 um-iong carity lengths

between the lasers and the bandgap of Ga, osAly.4sAs s =
120 meV, which results from the quantum size effect.”'%!* In
particular, this energy is in good agreement with the lowest
confined carrier transition. The theoretical lasing wavelength
for a transition from an n = | electron and a light hole, in a
55-60 A quantum well with a barrier height of 310 meV. is
7775-7845 A. This indicates efficient carrier scattering into the
well, enhanced by the particular symmetric stepped index
cladding layers. Moreover, the wavelength difference with
laser length arises because the peak gain of the quantum weil
laser may shift slightly with active region charge density. We
also note that the differential efficiencies of the 250 um and
500 um length lasers are approximately equal. This resuit.
which is similar to that reported by Tsang, indicates that
cither the internal losses are negligible compared with the
facet transmission losses and or the internal efficiency #, de-
creases with increasing active region charge density
{corresponding to reduced laser length). Indeed the internai
losses may well be smail. but we believe it more iikely that
carrier leakage effects'® are responsible for a decrease in the
apparent internal efficiency. It is also possible that arculating
modes'® are present and act to reduce 7,.

Fig. 3 compares the light-output. current (L [} charactensuc
for the laser with a 250 um-long cavity and a 2!'6 um-width
under puised and CW operation. Under pulsed <onditions.
1., = 300 mA and the diferential quantum cificrency s =
67".. For CW operation [, = 350 mA und the duterential
quantum efficiency is = 57" .. The reduced differenvai quan-
tum efficiency under CW condiuons 's probably & onse-
quence of iaser heating. Luser thrashoid nereases aath
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Disorder of AlAs/GaAs superlattices by the implantation and
diffusion of impurities

. C oy e e 438 S
AR POILILURFLIRE . NN [

M D Camras, J J Coleman, N Holonysk, Jr., and K Hess

E Electrical Engineering Research Laboratory and
. . Materials Research Laborstory
University of Illinois st Urbana-Champaign, Urbana, IL 61801
USa
P D Dapkus* and C G Kirkpastrick
Rockwell International Microelectronics Resesrch and
Development Center
Thousand Oasks, Californias 91360, USA

Abstract

v Three methods are examined for disordering AlAs-GaAs superlattices
, (SL's) grown by metalorganic chemical vapor deposition (MOCVD): 2Zn
diffusion, $Si ion implantation and Zn ion implantation. Disordering

occurs in s binary SL when the ordered structure of alternating AlAs
F layers and GaAs layers 1is scrambled to form a compositionally

homogeneous alloy of Al Gaj_.As. Each of the asthods permits
t. disordering of selected regions asund each has its own characterisctic
}5- attributes. The conceotration of Zn necessary to produce disordering
. is estimated and models for the enhancement of Al-Ga interdiffusion by

the formation of impurity-vacancy wolecules are discussed.

1. lotroduction

In recent work we have shown (Coleman et al 1982, Holonyak et al 1981,
Laidig et al 1981) that the structure of quantum—-well heterostructures
(QWH) and superlattices (SL) containing alternating, thin layers of the
binary compounds AlAs and GaAs can be fundamentally altered at relatively
low temperatures by impurity incorporation. In selected regions
delinested by photolithographic techniques, the presence and movement of
ispurities such as Zo and S{ cause the sharply defined alternating layers
! of pure AlAs and GaAs to iatermix, resulting in disordered Al Ga,_,As,
J The compositiou paramater x, of the resulting alloy depends on the
relative thicknesses of the original AlAs and GaAs layers. In esrlier
work, we described the observation of this disordering phanomenon occurr-
ing in AlAs-GaAs superlattices grown by metalorganic chemical vapor depos-
tion (MOCVD) (Coleman et al 1981) that have been diffused with 2Zn or .
implanced with Si {ons. For both of these species the temperature -
(diffusion temperature or implant suonesal temperature) at which disordering
occurs 1is wmuch lower than either the original growth temperature of the
layers (~ 750"C) or the temperature at which thermal disordering 1s knowm

-
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| " A simple model for the index of refraction of GaAs-AIAs superl%&ices
- and heterostructure layers: Contributions of the states around I”

J.P. Leburton and K. Hess | T

Department of Electrical Engineering and Coordinated Science Laboratory, University of Iilinois at Urbana- Lo
A Champaign, Urbana. lllinois 61801 N
(Received 18 January 1983; accepted 3 March 1983) ' 5
. We present a simple theory of the dielectric function in superlattices. The calculation is performed : f-::lij'

separately for different symmetry points of the band structure. We assume that among the
contributing states only the I states are influenced substantially by size quantization and the r
electronic states at I" are calculated by using a simplified k-p method. New features of the
dielectric constant of superlattices are a fine structure due to 2one folding (subbands) and a small
anisotropy due to the lower symmetry. Except for these finer details, the index of refraction of a
superlattice is well approximated by the corresponding constant for an alloy Al, Ga, _; As where
X is the averaged Al mole fraction of the superiattice.

o

PACS numbers: 77.20. + y, 78.65. — s, 77.55. + f, 78.20.Dj

.

I. INTRODUCTION

Although some experimental results have been reported,'*!
the dielectric constant (index of refraction) of superlattices:
and heterostructures has not yet been investigated theoreti-:
cally. This paper addresses two major issues. First, we exa-:
mine the modifications of the dielectric constant by size:
quantization and by the anisotropy introduced by the lower
symmetry of the superlattice compared to the host material.

points are shifted (quantized) differently by the additional '
periodicity of the superlattice.

(ii) The Penn modef has spherical symmetry while the su-
perlattice has cylindrical symmetry.

Therefore, we introduce a model for the dielectric con- .
stant which considers differently contributions from /" and
other transitions such as X and L. The I" valley is treated by
the k-p method. The influence of the superstructure (using a
Kronig-Penney model) is only included for the states at I".
Although the states around X and L also are shifted, the shift
is weaker because of the larger effective mass and because of
the parailel curvature of valence and conduction band. We

P
i ‘

vector q of the photons is very small and therefore, wiil be
approximated to be zero (long wave limit). Then, in the re-
duced zone scheme, the real part and the imaginary part of
the dielectric constant are given by® ‘

25 o N L=V,
Reew) = 1+ 378 S 1k cipik )i - " =
mgy Kakt.cov |Ek,¢ - Ek,.v)[(Ek,c gl El,.u). - ﬁ‘w']
and
477 . N
Imelw) = "'ﬂ;e—: Z [(keciépk W) °SE, = E, , — AwiV, (1 = Vo )
miw* wls : '
T T L

Secondly, we determine theoretically the absolute value of dld not include these contributions in this preliminary study -

the index of refraction, which is essential for dev:ce applica- . since there are only few experimental resuits of the X and L ::

tions. Recently Holonyak and co-workers®* have shown shifts available. . , R

that superlattices can be selectively mtetdxﬂ‘uscd generating . \Ye are currently developing a more rigorous treatment g

patterns of AlGaAs alloy and GaAs-AlAs superlattice re- which '““',‘".“ the energy changes at L am.i X in the same -

gions. The experimental findings show that the intermixed ° way as dacnbgd below for I". The changg in the contribu- o

and the superlattice regions exhibit differences in the dielec- . 4O1S Of the third valence band (spin-orbit splitting) to the: s

tric constant band gap and electronic properties. The ob- - d'ele.cmc constant have been a'umated to be s_mall and,' for:

vious potential of these structures for applications in inte- - the time bem;, neglected. In spite of the oversimplification,

grated optics makes the detailed knowledge of parameters our mc_)del st_lll describes the experimenfs on_thg index of

determining the dielectric constant and especially the index : S{raction quite well and shows the physical significance of -

of refraction desirable. ,Unfonunately, the simpiest ap- the various contributions. ' - 9

proach, the Penn model,’ cannot be directly applied to a ° )

superlattice structure for the following reasons. i { il. TRANSVERSE DIELECTRIC FUNCTION o
(i) The Penn model considers only two bands having a In discussing the optical properties of superiattices, the .

peak in the density of states at the band edges. The dielectric  transverse dielectric function €lq.w) is adequate to describe o

constant of a real semiconductor contains major contribu- : the response of electrons to a transverse perturbation such as 1

tions from several symmetry points within the bands. These °  an electromagnetic field. In optical experiments the wave TR
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CARRIER DENSITY DISTRIBUTION IN MODULATION DOPED
GaAs-Al.Ga;-.As QUANTUM WELL HETEROSTRUCTURES
T. C. HsiEn, K. Hess, and J. J. COLEMAN
mmmwgmmm,u&mumuauum
\ Champaign, Urbana, IL 61801, U.S.A
and 4
' . P. D. Darkus :
Department of Electrical Eagineering, Uuiversity of Southers California, Los Angeles, CA 90069, U.S.A
(Received 4 December 1982. in revised form 20 May 1983) N
Abstract=—A theoretical mode! for the distribution of charged carriers at the interface of a doped AlGai..As-
undoped GaAs heterostructure is evaluated. Assuming a triangular potential well at the interface, we obtain
numerically, curves describing the Fermi energy, depletion width in the alloy. and average separstion of impurities
and carriers. udmmd-mymhmuduufmcmdﬂoyhy«w-dmmm X
results obtained cas be applied to muitiple beterointerface quantum well breterostructures and superiattices as well.
Cmmnmudk&nua!lawmmm”nwuxwmpmmdndm S
discussed using the results of the model. -
-
Modulation doped GaAs-ALGa,-,As quumtum well  Using the notation sbown ia Fig. | and assuming donor
heterostructures (QWH) have found a variety of ap-  doping in the ALGs:_.As barrier layers and umin- -]
plications including lasers(l] and high mobility tennonalbackumddopm;levelsmﬂleGaAswens.we SR
transistors(2]. Theoretical models for the charge dis- obtain the Poisson's equation: R
n . l l o . I ' ’.u 0 o Jm‘ m. pasrabasly
are available{3. 4] but have ot been evaluated in much d:‘--—N -t 2 2<0 . e
detail for modulation doped GaAs-Al,Ga,..As struc- a o - S
tures. In this note we present a model for the electronic R
equilibrium properties of a modulation doped QWH (in- s .L . . .
chuding size quantization effects) which is simple enough  dz* ("“*N"“x‘ f; ‘°z‘° ) 0<z<h Dl
10 be applied to actual device structures and we compute 3 g
the Fermi energy. depletion layer width (in the -
Al.Ga,-. As), impurity-electron distance and other im- From charge neutrality and the band structure of Fig. 1. X
portant parameters. 2s a function of doping concentration  we get ]
and alloy composition for a single heterointerface. Many "
of the results thus obtained are also valid for multiple IND1= (N + No (4a) -1
heterointerfaces and superlattices. We show that these E
resuits can be used to approximately predict the average E(l,)~(E,~E(l.))mE,-E,~- (4b)
distance of the electrons from the imerface and, there- R
fore, the basic characteristics of carrier concentration Ee=(E,-E(lL)-E, (4c) T
profiles in multiple quantum well heterostructures.
Shown in Fig. 1 is a typical energy band structure  where
which is used to develop the model for a single interface C
of a modulation doped QWH. The simplest ap- m kT Ex~-E, .
' proximation for the self-consistent potential at the inter- Nom = o (1 TEPTIT ) Ga) BN
face is a triangular well{4.5]. The solution for the el
envelope function ((2) of the electron wavefunction, 3 _ : & No\ ( Eo e
and the quantized energy leveis have been given by E“’)- N"l’ (c.:) (el".) 15b) RS -
Stern{S]: . .:::. N
Ell) =5 Nl (5e) L
Im.eF, w E.- 2!,; ! _—
Jisim A | =it S——_ n .
( A ) ( eF.) and \
AW 3 ) 2 : ) '_:."
E. .(Zm,) (5 weF, (l*;)) 2) eF,-{'—:(NrnA,l,). 6 -




QUANTUM-WELL HETEROSTRUCTURE LASERS

N. Holonyak, Jr. and K. Hess
Electrical Engineering Research Laboratory
and Materials Research Laboratory i

University of Illinois at Urbana-Champaign, Urbana, Illinois 61801

In SYNTHETIC MODULATED MATERIALS, s
edited by L. L. Chang and B. C. Giessen ‘

(New York: Academic Press, 1983).
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Direct observation of lattice distortion in a strained-layer superiattice

2 J. M. Brown and N. Holonyak, Jr.
5 Electrical Enginesring Research Laboratory and Materials Research Laboratory, University of Illinoks at
Urbana-Champaign, Urbana, Illinois 61801 . -

M. J. Ludowise, W. T. Dietze, and C. R. Lewis
wws«um Varian Associates, Incorporated, 611 Hansen Way, Palo Alto. California

(Received 9 June 1983; accepted for publication 17 August 1983)

The structure of strained-layer quantum well heterostructures grown by metalorganic chemical "‘"
vapor deposition has been examined using both conventional and high resolution efectron bt

microscopy. It has been possible to show that the lattice mismatch in superiattice systems
containing strain of up to 7.1 X 10~ is accommodated by the introduction of a tetragonal
expansion and compression of the lattice of successive layers. This can be seen in the splitting of
thc(ml)spminthedecmndiﬁ‘cﬁon’pamandbythebendingof(lll)latticefringesuthe
1 < nction interf

PACS numbers: 68.48. + f, 61.70.Jc, 61.50.Jr, 61.55. — x

It has recently been shown that a strained-layer super-
lattice (SL) can be grown free enough of defects (dislocations)
to make possible stimulated emission.’ The résults presented
in this letter were obtained on crystals grown by metalor-
ganic chemical vapor deposition (MOCVD) that have been
shown to operate as continuous (cw) 300-K lasers when pho-
topumped with a 100-mW Ar™ laser (5145 A).2 The photo-
luminescence from a photopumped sample made up of 150-
A Iny, Gag s As quantum wells and 150-A GaAs barriers (66
periods) grown on a (100} GaAs substrate is shown in Fig. 2
of Ref. 1. This material has a strain of 7.1 10~ and has
been shown to operate as a cw laser for 5 min (high excitation
level, J, ~10° A/cm?) before failure occurs, a network of
dislocations being visible in the excited regions.> The re-
sults of an electron microscope study of a variety of these
strained-layer superlattices are presented here. These results
show the defect-free nature of the heterointerfaces and the

uniformity of the layers. Of particular interest, high resolu- -
tion electron microscopy in conjunction with electron dif- g
fraction has been used to examine the manner in which the
lattice mismatch is accommodated. The strain-produced r
distortion of the lattice is shown directly by lattice imaging O
and by diffraction measurements. - RS
The SL crystals were sectioned normal to the plane of -~ ' e o
growth {100} plane] so that the layers are visible in cross FIG. I. TEM micrograph of 8 GaAs, o Py o0 -0 5, G s AS superiattice "
section, the electron microscope specimen normal being a taken on 2 [110] pole indicating the uniformty of the 100) layers.
863 Agol. Phys. Lett. 43 (9), t November 1983 0003-4951/83/210863-03801 00 ¢ 1983 Amencan institute of Physics 863 S
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OEFECT STUDIES IN STRAINED-LAYER QUANTUM WELL HETEROSTRUCTURES ;;;J

J.M. Brown*, M.E. Mochel**, N. Holonyak, Jr.***, M.D. Camras***, M.J.
Ludowise+, W.T, Dietze+,and C.R. Lewis+

e fe T1
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*Dept. of Metallurgy and Materials Research Lab., Univ. of I111nots, Urbana e
=*Materials Research Lab., niv. of [11inofs, Urbana, ***Electrical Eng.
Research Lab. and Materials Research Lab., Univ. of [11inois, Urbana 61801 e
+Corporate Solid State Lab., Varian Associates, Inc., 611 Hansen Way, Palo
Alto, CA 94303
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The epitaxial growth of Tismatched or stsained I1I-V layers was shown to be
viable as early as 1960.' Osbourn et al® suggested that strained layer GaP-
GaAsy _,7 superlattices grown by organo-metallic vapor phase epitaxy (OMVPE)
coula ‘o used to fold the Brillouin zone and make indirect-crystal direct.
More recently, it has been shown that a strained-layer superlattice can be
grown free enough of defects at heterointerfaces to make possible stimulated
emission.” This has been demonstrated on OMVPE GaAs, ,P -GaAs (x=0.25) and
GaAs-~In Ga) _ As (x=0.2) strained layer superlattices wﬁich have been operated
as phgtopuapcd contfnuous (cw) 300K lasers but which at high excitation levels
(> 10°Acm™%) prove to be unstable. This paper presents the results of an
eTectron microscope study of the defects produced in a GaAs-In Ga) . As
strained superlattice as a result of high excitation levels of operation.
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The strained superlattice was grown by OMVPE, the crystal growth apparatus
being electronically operated and computer controlled resulting in a highly
uniform superlattice (SL) as is shown in fig. 1. A GaAs substrate was used,
then a thin layer of In,Gay_,As linearly graded from x=0 ({.e. GaAs) to x=0.1
i.e. to the average compos*c’ou of the superlattice. An 850X confining layer
of In Al Gay_,_ As is grown prior to a 66-period GaAs-ln‘gal_xAs {x=0.2)
strainedysuperl ttice. This represents a strain of 7x10°°.
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The specimens were photopumped with the 100mW or less output of an Ar* laser D
(51458). Regions therefore existed within the material which had failed due R
to damage. Specimens were sectioned perpendicular to the growth direction and -3=Zj
then ion beam thinned for examination in the TEM, Another specimen in the e
plane of growth was later prepared in a similar way., Regions containing dis-
locations in the graded layer were found in the undamaged areas but they did
not propagate into the superlattice which was virtually defect-free (fig. 2.)
This type of dislocation was also found in the as-grown material and implies
that it is possible to grow defect-free layered structures on a substrate that RN
contains dislocations. In the areas of the specimen which had failed, dis- S
Tocations could be seen running from one superlattice layer to another as well e
as along the interfaces between the layers, This is shown in fig. 3. The
dislocations had <110> Burgers vectors which is the primary direction in -
diamond cubic structures. A specimen taken in the plane of growth clearly
showed the dislocations producad by the photopumping. High densities of
dislocations were centered around the path of the photooumping laser separated
by regions of perfect crystal (fig. 4). These damaged regions were ~1Sum

wide and separated hy ~ 500um. This corresponds well with the diameter of the
focused laser beam and the separation of the laser damaging passes.

The failure of these strained superlattices can therefore he seen to result
from the introduction of a large number of dislocations due to laser oper-
ation. It should be noted however, that defect free, highly strained super- el
lattices can be grown by OMVPE. These fail when used at high levels of
excitation but they may be useful if used in dexices requiring low energy
drive levels below that at which damage nccurs.
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Photopumped low threshold Al,-Ga, _ - As-Al.Ga, _,.As-Al,Ga, _,As
{(x”~0.85, x'~ 0.3, x = 0) single quantum well lasers
M. D. Camras, N. Holonyak, Jr., and M. A. Nixon

Electrical Engineering Research Laboratory and Materials Research Laboratory, University of [llinois at
Urbane-Champaign. Urbana, Illinois 61801 -
R.D. Bumham, W. Streifer, D. R. Scifres, T. L. Paoki, and C. Lindstrom
Xerox Palo Alto Research Center, Palo Alto, California 94304 —
(Received 20 January 1983; accepted for publication 16 February 1983) e
Data are presented showing that it is possible to photopump and operate a quantum well N
heterostructure laser at equivalent current densities (/o) a3 low as 70 A/cm?. Continuous 300-K
laser operation of a single 60-A GaAs (x = 0) quantum well in the center of a ~0.12-um-thick S
x'~0.30 Al,. Ga, __ ., As waveguide (and carrier reservoir), which is confined by x* ~0.85 -
AL Ga, _ . As layers, is demonstrated at /,, ~0.4 mA (168 W/cm?, J,, ~70 A/cm?). These
quantum well heterostructures are grown by organometallic vapor phase epitaxy. L
PACS numbers: 42.55.Px, 78.20.Jq, 78.45. + b, 78.55.Ds R
Since the first construction of semiconductor lasers'  been achieved by resorting to a variety of narrow stripe con- e
and then the demonstration of continuous (cw} 300-K oper- figurations,” and this, and not particularly low current den- e
ation,>® a continuing goal has been that of reducing the sities (~ 10° A/cm?), has been mainly the basis for cw 300-K o
threshold current density J,,, for continuous (cw) 300-K op-  semiconductor laser operation. A more fundamental ap- S
eration into the range of normal power devices, say, proach to improving semiconductor lasers is to employ a o
Jm $100 A/cm’. Low operating currents, as such, have  quantum well active region (see Ref. 8 for a review). Recent
761 Aopt. Phys. Le't. 42(3), 1 May 1983 0003-6951/83/090781-03801.00 © 1983 Amencan Insttute of Physics 781 T
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100 mW CW ROOM TEMPERATURE, 6 ym SHALLOW PROTON
STRIPE GaAlAs SINGLE QUANTUM WELL VISIBLE DIODE
LASERS

R. D. Burnham, C. Lindstrdm, T.L. Paoli, D. R. Scifres and W. Streifer
' Xerox Palo Alto Research Centers
Palo Alto, CA 94304

N. Holonyak, Jr.
Electrical Engineering Research Laboratory and
Materials Research Laboratory
" University of (llinois at Urbana-Champaign
Urbana, IL 61801

Abstract

CW room-temperature laser operation at 7300 A has been
achieved at power levels up to 100 mW with a Ga, Al As

(x ~0.22), ~300 A thick, single quantum well double
heterostructure (SQW -DH) diode grown by organometallic
vapor phase epitaxy. The proton-defined contact is 6 ym wide,
and the front and rear laser facets are coated for anti-reflection
and high-reflection, respectively. The CW threshold current is
86 mA for a 250 um long device, and linear output power vs.
current characteristics are obtained up to 100 mW with an
external difterential quantum gfficiency of 1 W/A. CW output e
power exceeds 13 mW at 100 C. Between 25-55°C, the puised Same
threshold current varies with temperature T as exp(T/T,) where s

To ~187 K-

Visible light-emitting semiconductor lasers with desirabie properties ——
such as high CW output powers and linear L-| characteristics are useful as DR
sources in printing and optical memory systems. Gain-guided room e
temperature CW laser operation of (GaAl)As diodes emitting at Ty
wavelengths shorter than 7500 A has been reported from devices grown by jOth
both liquid phase epitaxy (LPE) [1] and organometallic vapor phase epitaxy ~—y
(OM - VPE) [2-4]. CW lasers grown by LPE [5-7] with tuilt-in refractive ]
index changes along the junction plane have aiso been reported to emit at e
wavelengths shorter than 7500 A. i

Clearly, there exist compromises between high power output and short QT
wavelength. Among the highest CW output powers reported for "visible" =
diode lasers are those of Refs. 2 and 5 for gain- and real-refractive index RS
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* . W room-temperature operation of GaAlAs single quantum well visible (7300
"A) diode lasers at 100 mW

R.D. Burnham, C. Lindstrdm, T. L. Paol, D. R. Scifres, and W. Streifer
Xerox Palo Alto Research Centers, Palo Also, California 94304

N. Holonyak, Jr.
Eloctrical Engineering Research Laboratory and Maserials Research Laborasory, University of Illincis at
Urbsna-Champaign, Urbana, Illinois 61801

(Received 3 March 1983; accepted for publication 16 March 1983)

100-mW cw laser operation at 7300 A has been achieved in a Gs, _ . Al, As
(x~~0.22), ~300 A thick, single quantum well double heterostructure diode grown by
organometallic vapor phase epitaxy. The proton-delineated stripe contact is 6 um wide, and the
front and rear laser facets are coated for antireflection and high reflection respectively. The cw
threshold current is 86 mA for a 250-um-long device, and linesr output power versus curreat
characteristics are observed up to 100 mW with an external differential quantum efficiency of 1
W/A (59%). cw output power exceeds 13 mW at 100 °C. Between 25-55 °C, the pulsed threshold

current varies exponentially with temperature T as exp(T /T,), where T,~ 187 K.

PACS numbers: 42.55.Px

Visible light-emitting semiconductor lasers with desir-
able properties such as high cw output powers and linear L-/
characteristics are useful as sources in printing and optical
memory systems. Gain-guided room-temperature cw laser
operation of (GaAllAs diodes emitting st wavelengths
shorter than 7500 A has been reported for devices grown by
both liquid phase epitaxy (LPE)' and organometallic vapor
phase epitaxy (OMVPE).>* cw lasers grown by LPE*” with

built-in refractive index changes along the junction plane wwr—rTrTr T T T T T T
have also been reported to emit at wavelengths shorter than Gy Al 45 AY/GYy oAl 5o A
7500 A . . . Gag 1yl g
Clearly, there exist compromises between high power L ~ 300A
output and short wavelength. Among the highest cw output cW, 300X
powers reported for “visible” diode lasers are those of Refs. 2 ~7300A

and 5 for gain, and real-refractive index waveguide devices,
respectively. As reported, = 18 mW were obtained at 7410 A
in Ref. 2 and 7250 A in Ref. 5, and both lasers were close to
the limit imposed by catastrophic facet degradation. In this
letter we report cw room-temperature operation of visible
GaAlAs (~7300 A) OMVPE-grown single quantum well
double heterostructure (SQW-DH) lasers at 100 mW. The
diode structure consists of nine epitaxial layers grown suc-
cessively at 775 °C by atmospheric pressure OMVPE in a
vertical reactor similar to that used by Manasevit® and Du-
puis et al.” The layers are (a) 7-GaAs buffer, 0.4 um thick, Se
doped ~1Xx10'" cm™3, (b) #-GagesAly sAs, ~0.4 um
thick, Se doped ~1X 10" cm ™3, (c) 7-Gag4Aly (As, ~ 1.4
pum thick, Se doped ~5Xx10"” cm~?, (d) n-Ga, _,Al, As
where y~0.85, ~ 1.3 um thick, Se doped ~3x 10" cm >
{e) undoped Ga, _ , Al, As where x~0.22, L, ~3004A, N p-
Ga, _, Al As where y~0.85, ~1.25 um thick, Mg doped
2x10'" cm™>, (g) p-Gag s Alo As, ~ | um thick, Mg doped
1x10'* em™’, (h) p-Gages Al s AS, ~0.4 um thick, Mg
doped ~1x10'® cm™?, (i) p-GaAs, ~0.2 um thick, Mg
doped greater than 4 10'° cm ~>. The use of Mg as a p-type
dopant in OMVPE growth was first reported by Lewis er
al.,'® and more recently by Burnham er a/.'' and Lindstrom
etal.'’ After growth, the wafer is masked with ~4 um-thick
photoresist, and 6-um lines on 500-um centers are exposed

AoDi. Pnys. Lett. 42 (11), 1 June 1983

0003-3951/83/110937-03801 00

with the use of a projection mask .i;gner. Following develop-
ment, the wafer is proton bombarded at 100 keV to produce
damage t0 a depth of ~1 um in the region outside the
masked stripes. After polishing the wafer, Cr/Au and AuGe
contacts are applied to the p and n sides, respectively. The
wafer is cleaved into 250-um-long bars and diced into chips

b

POWER OUTPUT FROM FRONT FACET (mW)
(-] &

00 20 40 60 80 100 120 140 160 180 200 220

CURRENT (mA)}
FI1G. 1. cw room-temperature L // characteristics for a Ga, _ Al As
SQW-DH laser diode with L, ~ 300 A and x~0.22. The pumping stnipe,
which is proton delineated. is 6 um wide and the laser cavity length 15 250
pm.

¢ 1983 American Insttute of Physics
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quantum well lasers

M. D. Camras, N. Holonyak, Jr., and J. J. Coleman

:I-llgh pressure measurements on photopumped low threshoid Al Ga, _, As

Electrical Enginesring Researoh Laborasory and Materials Research Laborasory, University of Illinois at @

Urbena-Chempaign, Urbana, Illinois 61801
M. G. Drickamer

School of Chemical Sciences and Materials Research Laboratory, University of lllinois at Urbana-

Champeaign, Urbana, Illinois 61801

R.D. Bumham, W. Streifer, D. R. Scifres, C. Lindstrom, and T. P. Paok

Xerox Palc Alro Ressarch Center, Palo Also, California 94304

(Received 3 March 1983; accepted for publication 25 April 1983)

Data are presented on the continuous (cw) 300 K photopumped laser operation of a low threshold
Al Ga, _ ¢ As~GaAs {x’ ~0.30) single quantum well heterostructure (quantum well size L, ~60
A) subjected to high pressure (0-11 kbar) in a simple opposed anvil apparatus. Beyond ~ 1 kbar
where the central Al Ga, _ .’ As waveguide region undergoes a direct-indirect transition, and
the waveguide confinement begins to weaken and deep levels tend to become important, the laser
threshold increases rapidly and “quenches™ cw 300 K operation. Pulsed 300 K photopumped

i laser operation of an undoped 121-period Al, Ga, _ , As-GaAs (x ~0.5) superiattice in the

' pressure range from 0-11 kbar is shown for reference. The pressure coefficients of the quantum
well heterostructure and the superiattice lasers are comparable (~ 11 meV/kbar).

PACS numbers: 62.50. + p,78.45. 4 h,78.20. — ¢,42.55.Px

1. INTRODUCTION

High pressure has been known for some time as a con-
venient method to study the band structure of bulk III-V
semiconductors.' Most recently high pressure has been used
to investigate the behavior of quantum well heterostructure
(QWH) laser (diode) emission’ and superiattice (SL) absorp-
tion.> Unlike previous work, below we describe high pres-
sure measurements on extremely low threshold single quan-
tum well AL’ Ga, _,’ As-GaAs lasers** that, as shown here,
can be operated continuously (cw) at 300 K by photopump-

ing in a simpie opposed anvil apparatus. This type of semi- -

conductor laser operation (photopumped, cw, 300 K at high
pressure) has not been previously demonstrated and has the
obvious advantage that doped or undoped samples can be
compared. We show in the present work that uitralow
threshold {cw, 300 K) QWH samples, with a single undoped
GaAs quantum well located in an Al Ga, _ .’ As (x’ ~0.30)
waveguide (and carrier reservoir),** become difficult to
operate in stimulated emission at pressures corresponding to
the I"-X band crossover of the barrier and waveguide region.
The pressure coefficient of the low threshold QWH (laser)
crystal is shown to be comparsbie (~ 1 | meV/kbar} to that of
photopumped undoped SL ssmples.

. EXPERIMENTAL PROCEDURE

The QWH’s and SL's of interest here have been grown
by organometallic vapor phase epitaxy (OMVPE).%" The
low threshold QWH? consists of an undoped single GaAs
quantum weil of thickness L, ~60 A centered between two
barrier layers of (L, /2)~600 A Al,’ Ga, _ ' As (x'~0.30)
which serve as a carrier reservoir and optical waveguide re-
gion.* This ~0.124m “active region” is confined on one side
by ~1 um of Se-doped (~3Xx10'/cm’) x”~0.85
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Al,"Ga, _,” As and on the other side by ~1 um of Mg-
doped (~ 5 10'"/cm’) x"* ~0.85 AL, Ga, _ ,» As.> TheSL,
which is undoped and consists of 121 periods of L, ~85 A
GaAs wells and L, ~80 A Al, Ga, _, As (x~0.5) barriers,
and is capable of cw 300 K laser operation,® has been cali-
brated in earlier high pressure absorption measurements
{~11.5 meV/kbar).’ In the present experiments the SL,
which is known to be “well behaved” in high pressure mea-
surements,’ is used for the sake of comparison. Both forms of
samples are stripped of substrate and contact-layer GaAs by
polishing and selective etching. The bare (100) samples ( 5 2
4m thick) are cleaved into small rectangles and are photo-
pumped with an Ar* laser (5145 A).

The small rectanguiar experimental samples are sub-
jected to high pressure in a simple opposed-anvil apparatus
that is driven by a differential screw. One of the anvils is o
0.250-in. diam, 0.250-in.-thick sapphire and the other is pol-
ished tungsten carbide of 0.125-in. diameter. The samples
themselves are preloaded in a 0.030-in.-thick Be-Cu gasket
that has a 0.024-in. center hole filled with Au. Because Au is
soft, does not work harden, and does not oxidize, it is used as
the pressure transmitting “fluid”. Once the samples are
loaded onto the Au, they are “locked” in the gasket center by
a small square (0.030 % 0.030< 0.004 in.) diamond heat sink
and window that is compressed into the Be-Cu gasket. This
gasket assembly is then essily introduced and centered
between the anvils.

The samples are photopumped (under pressure)
through the sapphire anvil and the diamond window. The
samples with the diamond on top, after a compression cycle
to over 11 kbar and then back to 0, appear as shown in Fig. 1.
(Most of the dark specks are laboratory dust and ruby “‘dust”
as no special precautions have been taken to establish
“clean” conditions.) The {a) sample is 16 um wide and is the
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Wavelength modification of AL, Ga, _, As quantum well heterostructure
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Data are presented showing that thermal annealing (875—900 *C) can be used to modify the
wavelength of s photopumped, low threshold Al, Ga, ., As quantum well heterostructure
(QWH) laser from ~ 8200 to ~ 7300 A with a threshold change from 150 to 1700 W/cm?. The
energy levels of the annealed single quantum well crystal are approximated by fitting a modified
Piéschi-Teller potential to the band-edge profile as modified by layer (Al-Ga) interdiffusion. The
layer (Al-Gn) interdiffusion coefficient (at 875 °C) is found to be smaller, by a factor of 3—4, than
previously reported. We suggest that this is due to the high quality, i.e., low defect density, of the

uitralow threshold QWH crystals of this work.

'PACS numbers: 42.55.Px, 66.30.Ny, 81.40.Tv, 71.50. + t

|. INTRODUCTION

Recent work? on quantum weil heterostructures
{QWH) grown by metalorganic chemical vapor deposition
(MOCVDP* has shown that it is possible to locate a small
GaAswell (L, <80 A)inan Al, Ga, _, As (x’ ~0.30) wave-
guide region (L, ~0.12 umj, which itself is confined on ei-

ther side by ~ 1 um of x* ~0.85 Al,.Ga, _ . As(Fig. 1and -

the inset of Fig. 2), and observe very low threshold photo-
pumped laser operation. Specifically, on such a QWH it is
possible to achieve continuous (cw) 300 ‘K laser operation at
equivalent current densities as low as J,_(th) < 100 A/cm?.
The properties of these low threshold single quantum well
lasers are described in some detail in Refs. 1 and 2. Beyond
this work, however, a further important feature is apparent:
For a QWH with a small enough single quantum well active
region (GaAs), it should be relatively easy to thermally an-
neal the crystal and shift the laser wavelength by layer inter-
diffusion, i.c., Al-Ga (barrier-well) interdiffusion. The Al-
Ga interdiffusion causes the initially finite square well (inset
of Fig. 2) to become rounded (smoothed) as shown in Fig. 3
into a shallower Al  Ga, _ , As well, and thus shifts the con-
fined-particle electron and hole states to higher energy. In
this paper we show that thermal annealing is, indeed, a con-
venient method to adjust the wavelength of a QWH Ilaser
crystal without necessarily an excessive increase in the
threshold requirement. For example, the wavelength can be
shifted from ~ 8200 to ~ 7300 A with the threshold for pho-
topumped laser operation remaining as low as J (th)~ 700
A/em’.

Il. EXPERIMENTAL PROCEDURE

As in previous work'* the Al.Ga,_,.As
-Al_Ga, _,As-Al Ga, _,As [x =0, x'~0.30, x" ~0.85)
QWH crystals of these studies have been grown by
MOCVD.** The lowest threshold crystal employed in this
work is shown in Fig. 1, which is an SEM photomicrograph
of the cleaved and etched QWH supplying the data in suc-
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ceeding figures. (See also the inset of Fig. 2.) The lower part
of the figure is the GaAs substrate. The arrow labelled QW
indicatesthe L, ~ 75 A GaAs (x = 0) quantum well, which is
centered in the L, ~0.12 ym, x’~0.30 Al Ga, _ , As car-
rier reservoir'- and waveguide region. This region is identi-
fied by a pair of arrows and with the label L, . The x~0.30
waveguide region is confined on either side (top and bottom)

with L. /2~1 um of x* ~0.85 Al_- Ga, _ - As. The outer

edges (0.2-0.3 um) of the confining layers are heavily doped
{~10'"*/cm?) with Se, but this is not particularly important
for the experiments of interest here. Finally, on top of the

A‘r-G‘, _x"A!— Alx'Gl1_"A$ —Alei1 _xAS

F1G. 1. SEM microphotograph of the cleaved and stained cross section of a
single well quantum wefl heterostructure (QWI;{) grown by MOCVD at the
substraze temperature of 300 °C. The L. ~ 75 A quantum well QW is con-
fined on both sidesby L, ~0.12umof x’ ~0.3 Al, Ga, _ , As which itseifis
confined on both sides by L.. ~2 um of x* ~0.35 Al,. Ga, _ .- As isee inset
of Fig. 2). This QWH is sandwiched between a GaAs cap layer at the top and
a GaAs substrate on the bottom.
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The index of refraction of AlAs-GaAs superiattices is studied both experimentally and
Mmhmnmmdmmmqmmw
intermixing of the superiattice. We find that the index of a superiattice can be 5%—6% higher than
the index of the alloy due to zone folding of the states around I".

PACS numbers: 78.20.Dj, 78.45. +h

It has been shown by Holonyak et al.'> the superiattices
can be selectively interdiffused, thus generating patterns of
AlGaAs alloy and GaAs-AlAs superisattice regions. These
structures have obviously many potential applications in in-
tegrated optics. It is therefore desirable to obtain detailed
knowledge of the difference in the dielectric fanction de-
scribing the superlattice and the AlGaAs alloy. It is not im-
mediately evident that there are significant differences in the
index of refraction of a superiattice versus its disordered al-
loy, because the index depends mainly on contributions from
states around X which probably are influenced only slightly
by the superstructure (large effective mass, parallel bands).
However, the difference’ in color of the alloy (yellow) and
the superiattice (red) indicates the differences must also exist
in the refractive index.

Energy (V)

iR —aR

IP_'
Alas-Gafls SL (100+100) =
O
)

Lg~704, L;~308  taup-

300K .

l {a) (B) (0
7

Relative Emission Intensily
o
4
/L

10%wrem? (1)

t { |
78 76 K3 "2
wavelength  (10%)

FIG. 1. Photopumped laser operation (300 K, pulsed) of a 100-period AlAs-
GaAs superiattice (SL) array of “red” dots or disks [L,(AlAs)~70 A,
L, (GaA$)~30 A] surrounded by imparity-disordered yellow-gap
AlGs,_,As{x=Ly/ILy + L,}~0.7]. The SL dot (a) (see insert) is photo-
pumped: laser operation occurs from the left cleaved edge to the second SL
“red” dot labeled (bi, or over a cavity length /. ~ 130 um which agrees with
the fine mode spacing A4 ~ 6 A shown on the expanded scale. The edge-t0-
dot dimension /, ~ 18 um sgrees with the peak-to-pesk spacing (74147456
A) of the expanded stimulated-emission spectrum. These mode and spectral
data show that the index difference, nAlAS-GaAs)-nAlGaAs; >0, is ap-
preciable. », denotes the pump frequency.

8
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It is the purpose of this communication to show that
index differences do exist. We present experimental evidence
of reflection at the superiattice-alloy boundiaries, and per-
form a model calculation of the index of refraction showing
that the size quantization of states close to I" introduces sub-
tle differences between alloy and superiattice.

In Fig. 1 we show photolumineacence data obtained on
8 100-period AlAs-GaAs superiattice (SL) with barrier size
Ly ~70 A and well size L, ~ 30 A. As described elsewhere,
this SL when photopumped is capable of continuous 300-K
laser operation. Following a relatively low-temperature,
short-cycle Zn-diffusion procedure described earlier,’ witha
dot pattern of Si,Ni, serving as a mask to preserve selectively
the SL,' we obtain the structure shown in the inset of Fig. 1
(seealso Fig. 1 of Ref 1). The sample of the inset has a smooth
cleaved highly reflecting edge at the left at distance /, from
the first SL dot or disk (a}; an irregular edge occurs at the
bottom of the sample, and at the right beyond the third SL
dot (c) is another irregular edge. Above these dots [(s), (b), (c)]
the pattern of SL dots is repeated (not shown). Between the
SL dots the crystal has been converted to yellow-gap disor-
dered Al,Ga, _,Asalloy {x = Ly/(L, + L4)~0.7].

The sample of the inset is photopumped (pulsed, ~ 10°
W/cm?) on the first SL dot, and the spectrum of Fig. 1 is
obtained. The sample functioas in stimulated emission, with
reflection at each dot edge, in the region from the highly
reflecting left edge to the second SL dot Iabeled (b). Thisisa
cavity length /. ~130 um, which is apparently sufficient
length to give enough reflection and feedback (at each dot
edge) to support the stimulated emission. This behavior
agrees with the fact that we observe (visually, not shown) a
very clear reflected spot at the left edge of SL dot (b). Also the
mode spacing formula

A4 = A2 (n ~Adn/dd))"", M

with (n — Adn/dA )~ 3.5, gives 44 ~6 A, which is in very
good agreement with the fine mode spacing shown on the
expanded scale (7414-7456 A) in Fig. 1. Similarly, the spac-
ing of the two expanded-scale peaks in Fig. 1 agrees with the
dimension /,{ ~ 18 um|. In addition, coarser structure in the
spectrum indicates that further reflection (as from the dot
edges) exists in the region of length /.. These data indicate
that an index difference, at quantum-well recombination-
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Experimsatal results on yuantum well laser operatios in magnetic fields
B < 12 T are reported. PFor B perpendicular (B3i) to the quantum well a
shift toward higher pmoton energy of . 0.5 meV/T 1is observed, with the
laser threshold curvent decressing significantly. In parsilel magnetic
fields (B1) oo significant effect 1is msasured, thus coafirming the

built~in two~dimsasicaal casracter of the electron gas.

Wa report bere the results of experimsats
on the effact of a strong magoetic tield (at low
temperature) on the energy of stimulated emis~
sion from quantus—well hetercetructure (ql)
laser diodes. In coatrast ut fh results
experiments oo unction”’ and doubh
heterojunction diodes” in which the active
region behaves as bulk crystal, the behavier of
Qwdl diodes is governed by the Qquasi-tvo~dimea-
sfonal density of states, a result of ths
quantus size effect. (See Nef. 6 for a
reviev,) In these earlier experimsats, the
enission energy corresponds to traasitions from
donor to acceptor setates (homojuncticn diodes
with a heavily compensated active layer) or to
transitions from the conducticn bend t 1‘cuptot
states (double h.totojunctton diodes) .~ Por the
Qi diodes of the present work, however, the
transitions are from electron subbands of the
conduction band to the vy-rou or light-hole
subbands of the valence bend.” The laser emis-
sion exhibits s linsar shift to higher aenergy
vith incressing magnetic field B3 for B perpen-
dicular (Bl) to the plane of tha QW; the energy
is independent of B for B parallel (BI) to the
plans of the QW. Sisultaneously, the threshold
current for lasing with B perpendicular to the
quantus—~well layers is reduced, vhile it is un-
affected with b parallel to the layers. As will
be discussed below, the reduction of the thres-
hold current is a manifestation of the furthar
quaatization of the 2-D electron gas by the mag~
netic field. These observations provide direct
experimental proof <that the slectron gas 1is
quasi~two~disensicnsl under lasing conditions.

The QWi diodes of this work have been growm
by mstalorgaaic vapor phase epitaxy (MOCVD) as
previously described. The device structure
consists of an undoped single GaAs quantum wall
of width L, = 60-80 A locazed betwaen two larger
(0.06 us) x' . 0.3 M‘.Gcl_‘.u barriers, one
Se dopdd (on the substrate side) and the other
Mg doped (on %he p=contact side). The active
region 1is confined on %he suvbstrate side oy a

0.9 um o~typs layer of Se-doped Al .Gs

(z" - 0.85) and on the other .u.by.b'l.-
:net op;;gn lgyer of IMNg-doped AL'.G.I_'.A-
x o » .

m vafers are processed iato diodes with
thse of 3500 m as descrided
.um:- The diodes have either broad ares
contacts to the p regiocm or are protoc-bombarded
to produca & & m wide stripe for the active
~ctagion. The diode dice are scunted p-side dowm
with indium solder omto copper heat sinks. JMor
enissiocn ssssuremsnts the diodes are mounted in
a variable-temperature cryostat which is
inserted in the bore of a 12 T superconducting
magoet. Temperatures below 4.2 K are obtaioed
by coatiouously pumping the crycstat. Ths laser
diode output is directed ocnto the face of a
fiber-optic lignt pipe; ths output from the
fider illuminstes tha entrance slit of a 0.5 =
mouochromator. The excitation for tha diode is
provided by either a constant-curreat source
(for DC operstion) or by a pulse generator.

In Mig. | we show the dependence of the
photoa snargy snd excitation curreat, at lasing
threshold, on the magnetic field strength for
the transverse orientation, L.0. B
perpendicular to the plane of the W (B8i). Ihe
corresponding data for B parallel to the QW (B1)
are plotted in Fig. 2. The emission energy is
taken as that of the dominant mode 1in the
spectrua at each value of . The sepectrum
exhibits an increase 1in energy with wmagnetic
field, starting at . 30 kG, i{n the BL orienta-
tion. Tha data points appear to oscillate about
a linsar saift or slope because the emission
wvavelength (and thus the energy) is constrained
0 values determined oy the mode spacing of the
laser diocae Fabry-Perot cavity. From the
experimentally vecorded spectra of rig. 3, it is
evident that the magoetic field displaces the
center of the emission envelope %o higner
energy; in eddaiZion, the peak enargy changes
discontiasuously. This obeervation is confirmed
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We report transient capacitance

measurements on Al, Ga, __ As~-GaAs-Al_Ga, _.As

{x~0.35) double heterojunctions with a large quantom well active region (L, ~800 A). It is
suggested that the thin GaAs layer acts as a “giant” artificial deep level. It follows then that the
band edge discontinuity AE, determines the electron emission rates (from the thin layer), thus
making it possible for AE, 10 be determined by trantient capacitance measurements.

PACS numbers: 85.30.De, 73.40.Lq, 68.48. + f, 71.55.Fr

As part of a larger effort, we have been employing deep
level transient spectroscopy' to examine thin GaAs layers as
well as quantum well heterostructure layers.? The intent of
these measurements has been to determine how the emission
rate of electrons (holes) at interfaces or from quantum wells
differs from the behavior of bulk crystals. These changes
bave been anticipated to arise from changes in the energy
levels of deep traps close to interfaces and from the two-
dimensional final density of states in the quantum weil >4
Preliminary experimental results, however, have exhibited
peculiarities which, in our opinion, require a very different
explanation: the GaAs thin layers themsefves behave like big
traps. We have reported earlier on the dynamics of capture
and emission of bot electyons in quantum wells.>* Deep-
level transient spectroscopy adds new perspective to this
problem and, based on the model employed earlier,** opens
a new method or opportunity to determine band-edge dis-
continuities. We note that the nature and role of the interface
band-edge discontinuities are among the most fundamental
problems in the physics of semiconductor heterojunctions,’

- and hence are of much interest.

The experimental samples of the present work have
been grown by metalorganic chemical vapor deposition and
are nominally doped n-type with Se (~2Xx 10'S cm~3). The
double heterojunction (DH) samples consist of a buffer layer
of GaAs grown on top of a GaAs substrate, followed by a
1.0-um conﬂninihyer of Al,Ga, _ . As (x~0.35), 2 GaAs
well (L, ~800 A}, and another confining layer of Al,
Ga, _,As (x~0.35) that is ~0.3 um thick.

For preparation into diodes the DH wafer is first lapped
to 5 mil, and Au-Sn is electroplated and alloyed on the sub-
strate side of the wafer. Schottky barriers are then formed on
the top AlGaAs confining layer by electroplating 2 um of Au
in a pattern of 11-mil-diam. dots defined by ~ 1200 A of
SiO,. The Au is applied after the surface has been mildly
etched with a dilute solution of 1 HF:7 NH,F. The resulting
devices are separated and attached with silver-filled epoxy to
TO-18 headers, and a wire bond to the Schottky barrier com-
pletes the diode. These diodes have a forward turn-on vol-
tage of 0.5-0.7 V and a reverse breakdown voltage which
varies from diode to diode and is greater than 3 V.

Deep level transient spectroscopy (DLTS) has been per-
formed using a system described elsewhere.® In the present
work a parallel-plate capacitor was used in place of the sec-
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ond diode. For the DLTS measurements g reverse biasof 1 V
is used and 20-us pulses of varying magnitudes are superim-
posed on the biss. Two deep levels have been cbeerved (Fig.
1). One, which we label E2, exhibits an energy level at 0.88
eV, a capture cross section of 7.0 X 10~ cn? and a concen-
tration (corrected for the effect of the edge region”) of about
$X 10" cm 2. E2 behaves as predicted by DLTS analysis
and does not show any significant dependence of the signal
peak with temperature and the peak height on biss pulse
voltage. It is therefore easily attributed to a deep level in the
Al, Ga, _, As. We have, however, no straightforward expla-
nation of the other peak (E1).The second level, which we
label E1, exhibits a peculiar dependence on the forward-biss
puise height and width. This makes fitting to the convention-
al detailed balance expressions a questionable procedure.

DLTS Signal (orbitrary units )

T K)

FIG. 1. DLTS scan for | V reverse bias with two different bias puise vol-
tages, showing variation in the height and temperature of the iow-tempera-
ture peak, E]. The spparent decreass in the signal strength of the second
peak (E2) as the bias pulse is increased t0 2 V is due to a superimposed
minority carTier trap . Inset: variation of peak E1 with bias puise duration.
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*! 1. Introduction

[ ) This is a verﬁ one-sided review'of-superlattices and by no means does
justice to this rapidly growing field. My intent is to illustrate possibil-
ities inherent ih the variabtlity of boundary conditions in finite super-

lattices or more generally speaking, multiple heterostructure layers.

In recent years, much progress has been made in thg technology and basic

understanding of superlaftices and lattice-matched III-V compound hetero-

structure layers in general [1]. Two new epitaxial technologies have emerged
-— molecular.beam epitaxy (MBE) [2] and metalorganic chemical vapor deposi-
tion (MOCVD) [3] - which have opened a variety of new possibilities, includ-
ing superlattice transport as discussed by Esaki, Tsu, and Chang [4-6], the

fabrication of materials éxhibiting extremely high mobilities {7], quantum

well heterostructure lasers (8,9], planar doped barrier structures [10], and
real space tramsfer switching [11]. More recent research has also concen-

trated on strained (lattice mismatch) superlattices (12] and on type II super- ‘.:1
1

lattices [6].

...................................
........................
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PRINCIPLES OF HOT ELECTRON THERMIONIC EMISSION
(REAL SPACE TRANSFER) IN SEMICONDUCTOR HETEROLAYERS '
AND DEVICE APPLICATIONS

K. Hess

- Department of Electrical Engineering and
) . Coordinated Science Laboratory )
Uni_versity of Illinois at Urbana-~Champaign -
- Urbana, Illinois 61801

The principles of _real space transfer and its phenomenoclogical de-
scriptidn in terms of ﬂxe-concept.s of electron temperature and quasi Fermi
levels are reviewed. It is shown that real space transfer is a mechanism
to achieve uit.;afast switching and storage of charge carriers. The real L
space. transfer-glow cathod analogy, which demonstrates the existence of
a new transistor principle, is discussed in detail.

INTRODUCTION

The technologies of molecular beam epitaxy (MBE) and metalorganic
chemical vapor deposition (MOCVD) have opened a world of possibilities to
create new forms of III-V semiconductor heterolayer materials. Structures
hundred times as sophisticated and small as the smallest feature sizes in
current silicon technology can be fabricated with ease. This fine tuned
variability of structure and boundary conditions offers many opportunities
for the development of new device concepts and research in this area is

rapidly expanding [1].

Advantages of III-V compounds with respect to steady state mobility
and transient electronic transport {1] (velocity overshoot) have long been
known. However, the realization of these advantages in applications have
been impeded by technological difficulties. MBE and MOCVD have provided a

quantum leap in material quality and controlability, which together with

the ideas of selective (modulation) doping {2] and achievable abruptness of
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Stimulated emission data are presented on a large variety of strained-layer quantum-well - j:j::-‘
heterostructures (QWH’'s) and superlattices (SL’s) grown by metalorganic chemical vapor - S

deposition (MOCVD). These structures consist of barrier-well combinations of thickness L ,,L, : RN

5150 A made from GaAs-InGaAs, GaAsP-GaAs, and GaAsP-InGaAs. Also employed are Sl

higher band-gap confining layers of In, Al,Ga, ,,As, AL, Gs, _ ,As, _,P,,and AL,Ga, _ As. '
All of the heterostructures are grown on a GaAs substrate with and, in some cases, without a
graded layer. The strain range between 0.2 to 12.5X 10~ is examined. Photopumped, these
heterostructures operate as continuous (cw) 300 K lasers, with thresholds of 1.6-7.5 x 10° W/cm?,
for periods of time between 0.5 to > 35 min. Under high-level excitation, the equivaient of
Ju ~10° A/cm?, laser operation fails or is quenched by networks of dislocations (with (110) Sl
Burger’s vectors) that are generated within the strained-layer region of the QWH’s or SL’s. These : !
dislocation networks, which are revealed via transmission electron microscopy (TEM), occur ata
more rapid rate in higher threshold samples and ones with higher built-in strain. The TEM data
show, however, that no heterointerface defects (dislocations) are present in the as-grown strained-
layer regions but are present in thick (bulk) graded regions.
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PACS numbers: 42.55.Px, 78.45. + h, 68.48. + f, 78.55.Ds T
I. INTRODUCTION GaAs-In, Ga, _, As (x~0.2)° strained-layer SL's grown via S
: L - . metalorganic chemical vapor deposition (MOCVD).'° These o
Since the initial demonstration of I1I-V compound epi- , : " B
taxy,' the question has persisted to what extent layer mepz;- SL's have, in fact, been operated continuously (cw) as photo-
match can be tolerated in semiconductor heterostructures.  Pumped 300 K lasers but at iugh excitation level (/o % 10° 0
For example, carly work has shown that in the usual thick- ~ A/CT)provetobeunstable. =~ L L DT
layer form of GaAs, _ , P, (x30)} grown on GaAs the result- In this paper we present a w'mm‘b extension th el
ing single heterostructure fails as an improved form of laser ~ WOrk- Room temperature and cw p °p',mt‘°1: (‘"‘hp 0~ i
or LED because of the large defect density at the heterointer- ‘““‘""m’;’hd“f“’:dm”m° strained-layer :t:F el
faces.*™ If the heterolayers are thin enough, however, asin “‘m;m :‘ "';L“"‘ SL ’“T“;‘c“;; ;“d single or dou-
the strained-layer superlattices (SL’s) first grown by Blakes-  ble Wells confined by m%mha - matexf ials GaAs, e
lee,® then presumably the interface defect density can be kept In,Ga, _,As,and QaAs, -«Ps Vebeeﬂ“S?d or quantum
low because of elastic deformation of the layers. Recently ~ Wells and for coupling barriers, e.g., the barrier-well combi- T
Osbourn and co-workers® have revived the interest in  nations employed are GaAs-InGaAs, GaAsP-GaAs, and G
strained-layer SL’s by Sumﬁns that indireCt'pP GﬂA’P-lﬂG‘AS- Layel' S!.mmln the nngeL,,L, S 150A. .:_'-'.
GaP-GaAs, _ P, strained-layer SL’s can, because of zone For m.tproved photoluminescence performance, wider-gap s
folding, act direct. This, of course, is not sufficient for the confining layers of Al Ga, _,As, AlLIn,Ga, _,_,As, :l' _
observation of a high level of luminescence, even if the layer Al,Ga,_,As, _.P, have been grown on the sampies. Gal-
sizes are small enough,’ unless the heterointerfaces are suffi- lium arsenide, with or without the use of gmded layets, has -
ciently free of defects. The argument can be reversed: if a  Decn used as the substrate crystal, and strain magnitudes in o
high level of luminescence, specifically stimulated emission, the range from 0.2 to 12.5 X 10~ have been considered. The Bt
is observed on a strained-layer heterostructure [SL or quan- stability of these heterostructures at high excitation level (the ‘ -
tum-well heterostructure (QWH)], then we can conclude  cguivalentof/, ~ 10° A/ gm’).has been examined. We show -——
that the defect density is low. and, without argument, the that cw 300 K laser operation is quenched by the generation RS
crystal is direct (or effectively direct). Itis, of course, easier to of a network of dislocations, which indicates that a serious .
consider a strained-layer SL or QWH consisting of direct- problem exists in the high level operation of strained-layer -
gap quantum-well layers and then determine whether the  SL'S Of QWH's but which does not imply that stable low S
density of heterointerface defects is large or small, stimulat-  1¢v¢l operation is not possible. e

ed emission serving as the basis for the determination. Pro-
ceeding in this manner, recently we have demonstrated that
a strained-layer SL can be grown free enough of defects at
heterointerfaces to make possible stimulated emission.® This
has been demonstrated on GaAs, _ P -GaAs(x ~0.25) and
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Il. CRYSTAL GROWTH AND SAMPLE PREPARATION

As mentioned, the QWH and SL crystals of interest
here have been grown by metalorganic chemical vapor depo-
sition (MOCVDL\.'® Epitaxial layers are grown on GaAs:Sn
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Broadband tuning (45~ 100 meV) of Al, Ga, _ ,As quantum well
heterostructure lasers with an external grating

J. E. Epler and N. Holonyak, Jr.

Electrical Engineering Research Laboratory and Materials Research Laboratory, University of Illinois at

Urbana-Champaign, Urbana, Illinois 61301

R.D. Bumham, C. Lindstrdm, W. Streifer, and T. L. Paoli
Xerox Palo Alto Research Center, Palo Alto. California 94304

(Received 30 June 1983; accepted for publication 8 August 1983)

Al Ga, _, As-GaAs quantum well heterostructure laser diodes are shown to be tunable over a
100-meV range when operated continuously (cw) at room temperature in an external cavity witha
grating to control feedback. The gain profile of the # = 1 and n’ = 1’ (electron-to-heavy hole and

electron-to-light hole, e—hhA and e—/h ) transitions and the # = 2 electron-to-heavy hole
transitions are clearly outlined by the intensity profile of the selected laser lines. The partial -
homogeneous broadening of the gain profile agrees with rapid carrier relaxation in the weil. The
diodes contain a single 60-90-A GaAs well and are grown by metalorganic chemical vapor

deposition.
PACS numbers: 42.55.Px, 42.60.Da, 78.45. + h

Since the successful demonstration, ar room rempera-
ture, of wavelength tuning of a diode laser with an external
grating by Rossi and coworkers,’ III-V heterojunction la-
sers>~® have been operated (300 K) on numerous occasions in
such manner and have yielded a variety of tuning ranges
{4Aw S 40 meV), linewidths, and threshold currents. The ex-
ternal grating provides a convenient method for probing the
gain profile, selectively influencing the carrier recombina-
tion process and, of course, determining the lasing wave-
length. Quantum weil heterostructure (QWH) lasers have a
unique advantage over previously tuned diode lasers in that
the active region can be band filled to well above the bulk
crystal band edges at moderate current densities” and thus
are excellent candidates for broadband tuning. The gain pro-
file of the band filled confined-particle transitions provides.
at sufficient current level (and lattice temperature), a large
energy range for stimulated emission. In this letter we de-
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scribe the d#kw ~ 100 meV tuning range (8300-7800 A) ob-
tained with an external grating on a single-stripe (6 um wide)
single well QWH diode operated (300 K) continuously (cw)
at I = 88.5 mA. The QWH laser diode is shown to exhibit
partial homogeneous line broadening. For example, when
the grating is tuned to a wavelength (1 ~8317 A) near the
n=1and n = 1’ transitions, the rapid depletion of the ex-
cess carriers reduces, as expected, '” the intensity of the high-
er energy emission, as high in energy as 4E~2Mw,
A ~T7875 Al

The QWH diodes of interest here are grown by metalor-
ganic chemical vapor deposition (MOCVD) as previously
described.'! A low threshold single well QWH design is em-
ployed'*'’ that simulates the single well and the high-energy
photopumped laser operation shown in Fig. 10 of Ref. 9. An
undoped GaAs quantum well of thickness L, = 60-90 A is
grown between two larger Al, Ga, _, As (x' ~0.3) layers of
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W;vehngth modification (44x = 10-40 meV) of room temperature

continuous quantum-well heterostructure laser diodes by thermal annealing

K. Meehan and N. Holonyak, Jr.

Electrical Engineering Research Laboratory and Materials Research Laboratory, University of lllinois at

Urbana-Champaign, Urbana, lllinois 61801
R. D. Bumham, T. L. Psoli, and W. Streifer

Xerox Palo Alto Research Censer, Palo Alto. California 94304

(Received 30 June 1983; accepted for publication 29 August 1983

Data are presented showing that wavelength modification, of at least 210 A (from 81800 7970 A),
of broad area room temperature pulsed quantum well heterostructure (QWH) laser diodes is
possible by thermal annealing. Thermal annealing at 900 °C for 8 h resuits in only a minor change
in the threshold current density, 385-425 A/cm’, thus making possible similar wavelength
modification (8180-8080 A) of consinuous (cw) 300 K stripe-geometry QWH laser diodes.

PACS numbers: 42.55.Px, 73.40.Lq, 81.40.Tv, 81.40.Ef

Recent work' has shown that wavelength modification
of u"dopd Aer.|_iA"M,G‘|-,A$ [x(tSO)-O]
quantum well heterostructures (QWH's) by thermal anneal-
ing at 875-925 °C (~8 h) results in wavelength shifts from
~8200 to ~7300 A with the threshold {J,,) for photo-
pumped (single well) laser operation remaining below the
limit for room temperature continuous (cw) operation. The
layer {Ga-Al) interdiffusion coefficient at 875 °C has been
found previously to be 2.5 10~'* cm?/s,' or significantly
lower than reported in earlier work.? Nevertheless, the diffu-
sion length / = JDr ~27 A (8 h) indicates immediately that
QWH?'s with well sizes L, <100 A are good candidates for
controllable and selectable modification to shorter wave-
length by thermal annealing and by well-layer, barrier-layer
(Ga-Al) interdiffusion. In fact, it is even possible to deter-
mine approximately the position of the energy levels of the
resulting QWH by fitting a modified Pdschl-Teller potential

- to the modified (annealed) band-edge profiie.’! In the present
work, we show that a p-n QWH (with a single GaAs quan-
tum well, L, < 80 A) that operators as a cw 300-K laser can
be thermally annealed at (875-~900 °C} and be shifted to
shorter wavelength without a significant change in threshold
/in)- We show that annealing of a QWH at 875°C for 8 h
results in small wavelength modification and that ~ 900 °C
annealing leads to a change in photon energy of 44w = 20~
40 meV, or more for annesling periods exceeding 8 h (or
900 °C).

The p-n heterostructure crystals of this work are
M:'G‘l-x'As‘Alx'G‘I-iA?'MxG.l-xA’ (X:O.
x'~0.30, x* ~0.85, L, <30 A) QWH’s grown by metalor-
ganic chemical vapor deposition (MOCVD).>* The active
region consists of an L, <30 A GaAs quantum well that is
located in the center of a larger (L, ~0.13 um)
Al, Ga,_ . As (x' ~0.30) layer that acts as a carrier reser-
voir** and as a waveguide region (¢.g., see the inset of Fig. 2
of Ref. 6). This region is confined on either side by x~0.85
Al,- Ga, _,- As. The n-type confining layer (ng, ~5x 10"/
em’) is ~2.8 um thick; the p«type confining layer (nz,
~5%10"/cm’) is ~0.6 um thick. Because of the low Zn
concentration in the p-type confining layer, the quantum
well boundaries (and confined-particle energies) are not
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modified significantly by Zn diffusion since there is a rela-
tively large threshold concentration for this to occur.”

After the thermal annealing of the as-grown QWH's,
the crystal is Zn diffused for 10 min at 600 °C to ensure that
the p-type GaAs cap layer is sufficiently doped for Ohmic
contacts. Then the wafer is lapped and polished from the
substrate side to a thickness of 100~125 um. Next the wafer
is metallized on the p side with 100 A of Au + 500 A of
Cr + 1000 A of Au and on the n side with 100 A of Au + 400
A of Cr + 1000 A of Au, and is heated at 300 °C for 10sina
hydrogen atmosphere. The crystals are then cleaved and
sawed into dice 250250 um and are attached to TO-18
headers. The mesa stripe diodes used for cw 300 K measure-
ments are similarly metallized, but first sre etched through
the active region with 24-um stripes protected by photore-
sist. Also, before the metallization a 120-A SiO, layer is de-
posited on the surface, and contact stripes of 12 um are
opened centered over the 24-um mesa stripes.

A thermal anneal carried out in an evacuated quartz
ampoule with excess As'* at 875 *C (8 h) causes little shift in
wavelength from that of the as-grown crystal.® A 900 °C an-
neal (8 h); however, causes (Fig. 1) a 40-meV shift in wave-
length (from 8180 to 7970 A). The threshold current density
is observed to increase from 385 A/cm? (875 °C, 8 h) to 425
A/cm? (900 °C, 8 h), which, actually, is negligible when the
difference in diode length is considered (200 vs 230 um). We
note that, indeed, little change is expected in the threshoid
current since a quantum-well laser diode is modified by ther-
mal annealing into another quantum-well laser diode, with
square well uniformly modified into a rounded well.

As seen in Fig. 2, cw 300-K laser operation of a p-n
QWH is possible after thermal annealing near 900 °C (8 h).
The wavelength shift to 8080 A, as opposed to that of 7970 A
in Fig. 1, is due to uncontrolled variability in the two differ-
ent annealing runs and also bandfilling differences in pulsed
and cw diode operation, not to mention differences in diode
geometries. In the case of the former {variable annealing),
any change in the layer (Al-Ga) interdiffusion causes a signif-
icant shift in the quantum-well shape and well energies
{wavelength).! We mention that the Fabry-Perot modes
drawn on the 5.5 mA (a) curve of Fig. 2 represent only one

© 1983 American institute of Physics 7190
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- . . ‘Thermal-anneal waveiength modification of muitipie-well

p-n Al Ga, _, As-GaAs quantum-well lasers nd
K. Meshan,” J. M. Brown, P. Gavrilovic, and N. Holonyak, Jr. SR
Electrical Engineering Ressarch Laboratory and Materials Ressarch Laboratory, University of lllinois at MRS
Urbana-Champaign, Urbana, Illinois 61801 . :::;:::_'_
R.D. Bumham, T. L. Paok, and W. Streifer : ,——“

Xerox Paio Alto Ressarch Center, Palo Alto, California 94304
. {Received 3 October 1983; accepted for publication 23 November 1983)

Data are presented showing that ordinary thermal annealing can be used to modify GaAs square :
wells into rounded Al, Ga, _, As quantum wells and shift the continuous 300-K laser operation of St
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a p-» multiple-well Al, Ga, _ , As-GaAs heterostructure laser to higher energy. Transmission
electron microscopy is used to show that thermal annealing at 900 °C for 10-h changes, for
example, well sizes from 85 to 105 A and coupling barriers from 95 to 75 A, which results in a
change of laser photon coergy of 4/ ~ 50 meV. Bandfilling is minimal in multiple quantum-well
lasers, thus making thermal annealing a useful method to “tune” a continuous 300-K quantum-
well laser to shorter wavelength as shown here. These thermal annealing experiments indicate

that the Al-Ga interdiffusion coeflicient at a heterointerface is D (900)~ 10~ '* cm?/s. £ -
PACS numbers: 42.55.Px, 81.40.Ef, 73.40.Lq, 66.30.Ny R
I. INTRODUCTION in many cases because of certain basic differences in the RO
If we consider an AL, Ga, -, As-GaAs heterointerface, ~ charge-filling behavior of these two forms of QWH's: Spe- [,
say, in a typical double heterostructure (DH) laser with a  Sifically, bandfllling and a large spectral width (and toning |
GaAs active region of thickness L, > 500 A, and consider ~ fange}* can be accomplished in the case of a single-weil S
what times and temperatures are needed for Al-Ga interdif- ~ QWH, whereas in a multiple-well QWH bandfllling is mini- ..
fusion (or AlGaAs-GaAs layer interdiffusion) for there tobe ~ Mal (or can be) and the spectral width narrow. In this paper wl
a significant change in the heterostructure, times exceeding "¢ Show that, in fact, multiple-well p-x QWH's that are ca- S
10 b and temperatures exceeding 900 °C are required. That  Pable of operating as cw 300-K lasers can, by thermally an- i
is, the Al-Ga interdiffusion constant is known to be quite  Bealing (at ~900°C), be shifted in energy by as much as e
small,'? and thermal annealing is not a very viable method 47w~ 50 meV and be fabricated into shorter wavelength cw L
to effect an important change in an Al,Ga, _,As-GaAs DH  300-K lasers. In addition, we show directly via transmission R
laser. In contrast to the relative insensitivity of ordinary L
Al,Ga, _,As-GaAs DH’s to thermal annealing as a method RS
of modifying the basic DH structure, and thus wavelength, —
the smail well and barrier dimensions (L, < 100 A) of quan- o
tum-well heterostructures (QWH’s) make them ideally suit- S
ed to this purpose. That is, an as-grown QWH crystal, al- -
though highly uniform across its area, often differs in o
quantum-well size (L, ) sufficiently from the design choice to
give a wavelength longer than desired. As recently shown on
single-well undoped QWH crystals? and p-» doped QWH —
crystals,’ ordinary thermal annealing can be used to modify Lk
a square well (dashed in Fig. 1) to a rounded well (solid pro- T
file in Fig. 1), thus shifting the wavelength from longer to O
shorter (1—el and 1—4A | in Fig. 1). This procedure makes T
sense because, e.g., at practical annealing times such as ¢ ~ 10 £.(GaAs) o
h and temperatures ~900 °C, the Al-Ga interdiffusion con- ’ T
stant is D (900)~ 10~'* cm*/s and / = Dt ~20 A, which is i RO
obviously significant compared to L, (/~L,). e
Clearly, for wavelength modification of a QWH laser to el
be important, it must apply to p-n QWH’s that can be fabri- S
cated into diode lasers that operate continuously (cW) &t g1, 1. Schematic disgram of band of an . .
room temperature (300 K). This has 30 far been demonstrat- .nm.z.zssxm.lﬁ‘mmm.?&%ﬁiﬁ’& L
ed only for the case of a single-well p-n QWH laser,’ butnot  for 10 b, which results in a rounded Al, Ga, _, As quantum weil (solid-line e

for multipie-well designs. Yet it is the latter that are required

* 1BM doctoral fellow.
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prodile). The bound states move up in energy from 1—el and 1 —#&A | as the
result of the anneal. The composition of the Al,Ga, _, As well changes
{0—x) and the well widens (85—103 A), resulting in a graded interface
between the well and the x' ~0.30 Al, Ga, _, As barrier layers.

D 1984 Amencan Institute of Physics
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Urbana-Champaign, Urbana, Illinois 61801
R.D. Bumham, T.L. Paoli, and W. Streifer

Xerox Paio Alto Research Center, Palo Also, California 94304
{Received 7 November 1983; accepted for publication 8 December 1983)

Transmission electron microscopy and photoluminescence data are used to show that a single
GaAs quantum well (L, =70 A) confined by Al, G, _ . As (x’ ~0.3) layers can, via low-
temperature (600 °C) Zn diffusion, be interdiffused (“absorbed”) into the confining layers
(impurity-assisted Al-Ga interdiffusion) and be shifted to higher gap (x = 0—x’ ~0.3) without
damaging the crystal or ruining its capability to operate as a continuous 300-K low threshold

photopumped laser.

PACS numbers: 66.30.J¢t, 73.40.Lq, 42.55.Px, 61.16.Di

Since the recent discovery of impurity-induced disor-
dering of Al,Ga, _,As-GaAs superlattices (SL's} via low-
temperature {S00~600 °C) Za diffusion,'-? this area of work
has been extended to include ion implantation with Si and
Zn impurities.*® Also impurity-induced disordering of
strained-layer superlattices by means of Zn diffusion has
been demonstrated.® In almost all the studies performed to
date, impurity-induced disordering experiments have been
conducted on SL systems, which, although of fundamental
interest, are not necessarily all that practical. Most practical
forms of quantum well heterostructures (QWH'’s) are not
SL’s, or not even small SL’s of, let us say, atjeast s half dozen
periods. In many cases only one quantum welil layer is a
necessary or fundamental part of a practical QWH device,
e.g., a laser, and it is important in such instances to deter-
mine the nature of the resulting heterostructure after impu-
rity-induced layer disordering. We consider this problem
and show here that a single GaAs (x =0 Al ,Ga, __,As)
quantum well confined by Al, Ga, _, As (x’ ~0.3) barriers
can be “disordered”™ {layer interdiffused) out of existence
{x—+x’) by low-temperature impurity diffusion and not cause
any noticeable damage in the resulting heterostructure. This
is demonstrated by means of transmission electron micros-
copy (TEM) and comparison of the as-grown crystal with the
crystal modified by impurity-induced disordering (or Al-Ga
interdiffusion).!~? Confirming photoluminescence data are
(GaAs—Al, Ga, _ . As) is not damaged. That is, in essence
the GaAs quantum well (QW) is “absorbed.”

The AlL.Ga, _,-As-Al Ga, __As-Al Ga, _, As
{(x* ~0.85, x’ ~0.3, x = 0) QWH crystal used in this work
has been grown by metalorganic chemical vapor deposition
{(MOCYVD) as described elsewhere.”* Of particular interest,
the QWH crystal employed here has previously been used in
thermal annealing layer-modificstion and wavelength-
modification experiments® and even earlier has been used, in
as-grown form, to demonstrate very low threshold contin-
uous (cw) 300-K photopumped laser operation.'® A TEM
micrograph of the as-grown QWH is shown in (a) of Fig. 1.

* IBM doctoral fellow.

The top Al,.Ga, _,. As (x” ~0.85) confining layer appears
faded because of thickness variations in the ion-milled speci-
men. For present purposes, however, this is unimportant in-
asmuch as a clear cross section of all of the as-grown layers
appearsin Fig. 1 of Ref. 9. The most important portion of the
QWH in the present experiments is the Al _Ga,_.As
(x’ ~0.3) waveguide region of thickness L, =0.13 um with,
in its center, an L ,=70-A GaAs QW (an x=0
MIG.I—IMQW)’

A portion of the QWH crystal with the top GaAs layer
removed has been subjected to Zn diffusion at 600 °C for 10h
in one case and for 20 h in another. Masking Si, N, dots of 37-

- -~

Al Gay —.x"AS-Al .Gay.. cAS-AlLGay (As

FI1G. 1. Transmission electron microscope (TEM) micrographs of (a) an a3-
grown Al,.Ga, _..As-Al, Ga, _,As-AlL Ga, _ As (x°~0.385, x¥'~0.30,
x = 0) quantum well heterostructure (QWH), and (b) the QWH after Zn
diffusion at 600 °C for 10 h. As shown in (b), the Zn-induced low-tempera-
ture Al-Ga interdiffusion eliminates the L, = 70-A QW (x—x’), smears the
x°=x' heteroboundaries, and broadens the L, =0.13.um Al, Ga, _, A3
(x ~0.3) waveguide region, but doss not cause damage (dislocations! or nan
the crystailine properties of the x' ~0.3 center region lelectron diffraction
pattern inset at lower rightl. (The TEM g vector is in the 200 direction.)
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-, ‘Impurity-induced disordering of single well Al, Ga, _, As-GaAs quantum well
" heterostructures
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by impurity-induced layer disordering

K. Meehan,* J. M. Brown, and N. Holonyak, Jr.

Electrical Engineering Ressarch Laboratory and Materials Ressarch Laboratory, University of Illinois at
Urbana-Champaign, Urbana, Illinois 61801

R.D. Bumham, T. L. Paoli, and W. Streifer

Xerox Pailo Alto Research Center, Palo Alto, California 94304

(Received S December 1983; accepted for publication 16 January 1984)

Stripe-geometry AlGaAs-GaAs single quantum-well heterostructure lasers are demonstrated in
which the region complementary to the stripe (outside of and defining the stripe) is shifted to
higher band gap, and lower refractive index, by low-temperature (600 °C) Zn diffusion. Impurity-
induced A}-Ga interdiffusion causes the single GaAs quantum well (x = 0, L, =80 A) outside of
the stripe region to be mixed (“absorbed,” x—x') into the Al,. Gs, _ . As (x'~0.3, L, =0.18 um)
bulk-layer waveguide of the crystal.

PACS numbers: 42.55.Px, 73.40.Lq, 66.30.J¢, 85.60.Jb

. Stripe-geometry AlGaAs-GaAs quantum-well heterostructure lasers defined @ __J

Previous work has established that AlGaAs-GaAs
quantum-well heterostructures (QWH’s) are unstable
against Zn diffusion,'™ even at temperatures ( < 600 °C) weil
below those that are employed (> 600 °C) in the epitaxial
QWH crystal growth. Perhaps equally important, Zn or Si
implantation, followed by thermal annealing, can be used to
interdiffuse (Al-Ga) and disorder, or mix, Al,Ga,_,As
(0 <x< 1) and GaAs quantum-well layers.>* Either process,
diffusion or implantation, can be used to change (increase),
selectively, the effective energy gap of the layered quantum-
well heterostructure to that of ordinary disordered-alloy
bulk single crystal. Recent data show. that the disordered
higher gap bulk alloy is not damaged’ and, most important,
can be arranged in arbitrary geometrical patterns and micro-
patterns, via conventional photolithography procedures.?
That is, the as-grown lower gap QWH and the surrounding
impurity-disordered higher gap bulk alloy can be arranged
in any desired complementary pattern. In this letter we de-
scribe the use of this process to construct stripe-geometry
QWH laser diodes. The Zn-diffused region not only is shift-
ed to higher energy gap than the as-grown (masked) QWH
stripe but also is reduced in index of refraction,>* resulting
then in an index-guided laser diode.

The single well p-» Al..Ga,_,.As-Al Ga, _, As-
Al Gs,_,As(x=0,x'~0.30, x" ~0.85; L, =80 A) QWH
crystal employed in this work is grown by metalorganic
chemical vapor deposition (MOCVD),>'® and is shown
slanting upward from left to right in Fig. 1. Figure 1 is a
scanning electron microscope (SEM) micrograph of an
etched piece of the p-n QWH that on the right has been
subjected to Zn diffusion for 1.5 h at 600°C (D~2x 10~ "2
cm’/s). The portion of the QWH on the left is the as-grown
crystal. The porticn of the crystal at the left between the
offset triangular “tick” marks labeled “c” (7 A) is an as-
grown Zn-doped GaAs contact layer (~0.2 um). Below this
is a Zn-doped (ng, ~5x10'/cm’) Al.Ga,_, As

L, =0.18 um thick. Slightly above center (at the left) in the
waveguide region is 8 GaAs (x = 0} quantum well which is
marked (QW) with a triangular “tick”™ mark (A). The inset in
Fig. 1 at the lower right is a ~ 10X higher magnification
transmission electron microscope (TEM) micrograph of a
portion of the as-grown waveguide region, a region as wide
as that between the “tick” marks at the dimension arrows at
the lower left. The inset shows clearly the GaAs quantum
weil (L, =80 A). Finally, below the Al Ga, _, As wave-
guide region is a thick (~ 2.8 um) n-type (15, ~ 5 X 10'7/cm’)
Al..Ga, _,. As (x* ~0.85) bottom confining layer, and then
the n-type GaAs substrate (not shown).

Before the Zn diffusion (Zn,As,), a Si;N, masking layer
~1000 A thick is deposited on the crystal and is covered
with the photoresist stripe pattern desired. The Si;N, is se-
lectively removed from the region to the right of *‘c” in Fig.

Aly Gat-x As-Aly Gay.'As-AiGe1.yAs QWH

FI1G. 1. Etched cross section, viewed by scanning electron microscope, of an
Al,.Ga, _,-As-Al, Ga, _, As-Al,Ga, _ As x =0, x'~0.30, x* ~0.85)
quantum-well heterostructure that has been masked with Si.N, on the left

[ER——
. . ‘e~ : and has been Zn diffused 1Zn,As,) on the right at 600 ‘C for 1.5 h. On the - jq

1;; lowo.?:) top ::li;‘ﬂntl hY_“ ‘h':u" 0306 l‘:‘ ““fk' 0"‘;;‘ right (“Zn-diffused”) the GaAs (x = 0} quantum well incerdiffuses (Al-Gal S

ke conl 4 yer 13 an Ay Ry _y s (x'~0. ') into the L, =0.18-um Al, Ga, _, As (x' ~0.3) waveguide region (x—x'\. RN

waveguide region (the active region), which, as shown, iS  The:nset at the lower right showsat ~ 10x higher magnification itransemis- O

sion electron micrograph) an as-grown x' region of the width shown at the AN

*BM doctoral fellow. L, =0.18-um dimension arrows (of the lower left). -
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bls'ordor of an Al _Ga, _, As-GaAs superiattice by donor diffusion

K. Meshan,® N. Holonyak, Jr., J. M. Brown® M. A. Nixon, and P. Gavrilovic
Electrical Engineering Research Laboratory and Materials Ressarch Laboratory, University of Illinois at

Urbana-Champaign. Urbana, Illinois 61801
R. D. Bumham

Xerox Palo Alto Research Center, Palo Alto, California 94304
(Received 14 May 1984; accepted for publication 14 June 1984)

The Si impurity is diffused (850 °C, 10 b, x, ~2.4 um) into 2.4 um of AL, Ga, _, As-GaAs (x 2 0.6)
superiattice (barrier L, =320 A, quantum well L, =280 A) and disorders it into bulk-crysta!

Al,Ga, _ . As (x' £ 0.32). The as-grown infrared gap superiattice is converted selectively to red
ppb\ﬂkayuland.wheumudwwumﬂapbkdmmmx

photopumped laser operation at a threshold of 4 X 10’ W/cm

pump photon).

Although quantum well heterostructures (QWH’s) and
superlattices (SL’s) are inherently quite stable, these struc-
tures can readily be converted to compositionally disordered
bulk crystal with various impurities during relatively low-
temperature annealing and diffusion procedures. For exam-
ple, recently it has been learned that Al Ga, _,As-GaAs
QWH's or SL’s are unstable against low-temperature
(< 750 °C) Za diffusion.'~* Impurity-induced disordering of
an Al, Ga, _, As-GaAs QWH or SL can be accomplished at
temperatures, and anneal cycies, much less than those re-
quired for ordinary thermal disordering of the layers.*¢
Moreover, and of special importance in the present context,
ordinary photomasking procedures (Si,N, layers and photo-
lithography) can be employed to create an arbitrary pattern
of impurity-induced (higher gap) Al, Ga, _ . As bulk crystal
in the Al, Ga, _ . As-GaAs QWH or SL crystal.? To a lesser
extent, ion implantation, foliowed by thermal annealing, has
been shown also to be a viable method to cause impurity-
induced disordering of a QWH or SL. Specifically, the two
impurities Zn and Si have been implanted and used to disor-
der (partiaily) Al,Ga, _,As SL's .37 Zinc diffusion, how-
ever, has been the most successful procedure, and a corre-
sponding (equally successful) donor diffusion process would
be highly desirable, which is the subject of this paper. We
show that the process recently employed by Greiner and
Gibbons® to diffuse Si into GaAs can be used to disorder an
Al Ga, _,As-GaAs SL and thus form higher gap bulk-crys-
tal Al, Ga, _, As. The Si impurity is amphoteric but here
serves as a donor® and, as mentioned eisewhere in connection
with implantation,’ could exhibit ideal disordering mechan-
ics along the lines discussed by Van Vechten.” Above all, we
demonstrate that disordering of an Al Ga, _  As-GaAs SL
via Si diffusion can be accomplished selectively.

For these experiments the Al_Ga, _, As-GaAs SL's (or
QWH?’s) are grown by metalorganic chemical vapor deposi-
tion (MOCVD) as described elsewhere.'%!'! Initially & 1-um
layer of Al, Ga, _ ,As (x 2 0.6} is grown on the substrate fol-
lowed by a ~0.4-um GaAs layer and then the superlattice.
The SL as such consists (40 periods) of GaAs quantum wells
of thickness L, =280 A coupled by Al,Ga, _ . As (x 20.6)

“IBM doctoral feflow.
* Present address: ATAT Beil Labs., Hoimdei. New Jersey.

2 orJ ~1.7X 10° A/cm?, 5145 A

barrers of thickness L, =320 A. A bright-field transmission
electron micrograph (TEM) of a section of the SL is shown
on the right side of Fig. 1. (The diffused region on the left is
described later.)

Prior to Si diffusion into the SL, Si,N, is deposited (for
diffusion masking) on the wafer, and for convenience a stripe
pattern (15-um stripes on a 25- um period, Fig. 2) is devel-
oped on photoresist deposited on the Si;N,. The Si;N, is
then plasma etched (CF,) leaving 10-um bare stripes on the
wafer. Next the photoresist is removed, and the wafer is
cleaned in HCl just before ~ 100 A of Si is electron beam
evaporated onto the wafer at 7 10~7 Torr. Immediately
after the evaporation is complete ~0.5 um of SiO, is deposit-
ed onto the wafer.® The SL, with a small piece of As, is then
sealed in a quartz ampoule face down on a “slab” of Si to
ensure a uniform temperature across the wafer (with also an
overpressure of As). After the diffusion, which is accom-
plished at 850 °C for 10 h, most of the SiO, is removed with
NH,F:HF (7:1, 3.5 min). The remaining SiO,, Si, and Si,N,
are removed in a CF, plasma. The sample is then cleaved,
with one part employed for TEM specimens and the other
samples for photopumping.

b
Aly Gay. As

i

|‘

L, = 220

.
"

FIG. 1. Bright-field transmission electron of a 40-period

a,

Al Ga, _, As-GaAs superiattice (x 2 0.6, L, =320 A, L, =280 A) that on
the left has been disordered into bulk-crystal Al, Ga, _ . As by Si diffusion
and on the right is masked (Si,N, protected! as-grown SL that has “sur-
vived” the 850 °C (10 h) anneal cycle. The iower part of the 2.4-um SL is
shown and the curved region just at the point in the SL to which the diffu-
sion has penetrated.
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". * quantum-well heterostructure laser diodes in an external grating cavity @

J. E. Epier, N. Holonyak, Jr., and J. M. Brown
Electrical Engineering Reseqrch Laboratory and Materials Ressarch Laboratory, University of Illinois at
Urbana-Champaign, Urbana, Illinois 61801 .

R. D. Bumham, W. Streifer, and T. L. Paoli
Xerox Palo Alto Research Center, Palo Alto, California 94304

(Received 16 February 1984; accepted for publication 22 March 1984)

A set of high performance single- and multiple-stripe Al Ga, _, As-Al,Ga, _ . As quantum-
well beterostructure (QWH) laser diodes coupled to an external grating cavity is used to
demonstrate the tuning properties of a semiconductor laser at short wavelength (1 S 7300 &). A
} single-stripe laser diode (6-um stripe width) with a single Al, Ga, _ , As (x ~0.22) quantum well of
size L, =400 A is broadly tunable (7080<A<7370 A, 4%» ~ 70 meV) and delivers a single
dominant longitudinal mode of moderate output power (P, ~ 50 mW at 200 mA, pulsed). In
continuous (cw) operation (/ = 135 mA} & single-stripe laser has a 36-meV tuning range,
: 7168<A <7322 A. Phase-locked twenty- and forty-stripe diodes (3.5-um stripe width) from the
\ same QWH wafer are capable of single-longitudinal-mode output at higher power (pesk P, ~ 1.6
I W at an 8.0-A, 200-ns puise) although at slightly longer wavelength and reduced tuning range
(7225<4 <7425 A). Data are presented illustrating the wavelength dependence of the gain and
power output as well as the partial homogeneous brosdening and phase-locked nature of the
QWH laser arrays. The difference in performance of the multiple-stripe diodes compared with the
single-stripe structure can be attributed to the internal coupling of the optical field in neighboring
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stripes and the reduced threshold current density.

I. INTRODUCTION .

An external dispersive cavity has long been recognized
as an effective means to improve the spectral output and to
probe the internal operation of semiconductor diode la-
sers.'~? A major limitation, however, of more common single
heterostructure and double heterostructure (DH) lasers in
external-grating operation is the lack of adequate carrier
band filling, and thus a small recombination-radiation spec-
tral range and a small gain bandwidth. A large active region
size i.e., bulk-crystal active layer thickness L, > 500 A) im-
poses a practical limit { ~ 40 meV) on the energy range of the
gain profile. In a quantum-well heterostructure (QWH) car-
rier band filling can be large.*® For example, a photopumped
single-well (L, ~200 A) QWH sample can be band filled suf-
ficiently to give laser operation in a A%w ~ 300-meV range.*
As a further example, in recent work’ with QWH laser di-
odes coupled to an external grating cavity, we have demon-
strated 100-meV tunability in continuous (cw) 300 K oper-
ation, which is a much greater range than that of ordinary
heterojunction lasers ( ~ kT') but still far less than the “limit”
of ~300 meV. To obtain the data below, we have, similar to
Ref. 7, employed an external grating cavity to investigate the
possibility of high power, high-energy tunability of both sin-
gle-'° and multiple-stripe'* high performance QWH diodes.
The QWH active region is an Al, Ga, _ , As (x ~0.22) quan-
tum well of size L, =400 A. The confining layers are
Al Ga, _.As (x'~0.85). The reiatively large size of the
quantum well does not easily permit maximum carrier band
filling; however, with pulsed excitation of a single-stripe di-
ode, we obtain a 70-meV tuning range (7080<A<7370 A)
with a single dominant longitudinal mode. The results of the
grating experiments indicate a broad, largely homogeneous-

670 J. Appl. Phys. 86 (3), 1 August 1984
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ly broadened gain profile capable of supporting narrow line
(44 = 0.3 A resolution-limited measurement) operation un-
der high level cw and pulsed room-temperature operation.

The multiple-stripe diodes are spectrally similar to the
single-stripe lasers with some important differences, the
most apparent being a much greater power output. For ex-
ample, a forty-stripe diode delivers 1.6 W of peak power (8-
A, 200-ns pulse) into a single longitudinal mode (4 ~ 7300
A). Also, the multiple-stripe diodes have a lower threshold
current density. Thus, the gain profile is centered at longer
wavelength (lesser band filling) and has a smaller tuning
range (40 meV). The far-field emission generally exhibits a
two-lobed pattern in the plane of the junction, which indi-
cates a 130" phase shift between neighboring stripes. These
observations are consistent with the concept of a laser array
phase locked with the combination of internal mode cou-
pling and external feedback. The similarity with a broad-
area diode lasing on physically separate but internally cou-
pled filaments has been previously noted. '? The performance
of the multiple-stripe diodes compared to their single-stripe
counterparts indicates that the phase-locked laser array is
well suited for high power tunable diode laser systems.

Il. EXPERIMENTAL PROCEDURE

Asin previous work,” the Al Ga, _, As-Al, Ga, _, As
{x~0.22, x' ~0.85) crystals of the present studies have been
grown by metalorganic chemical vapor deposition
(MOCVD). In Fig. 1 a transmission electron micrograph
shows the single 400-A quantum-well active region of the
diodes whose characteristics and operation are described be-
low. The lack of a separate-confinement waveguide struc-
ture *“sandwiching” the quantum well undoubtedly in-

® 1984 American Institute of Physics 870
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. . . Far-field supermode patterns of a muitiple-stripe quantum well

heterostructure laser operated (~ 7330 A, 300 K) in an external grating cavity
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Urbana-Champaign, Urbana, Illinois 6180]
R.D. Bumham, T. L. Paoli, and W. Streifer
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Xerox Palo Alto Research Center, Palo Alto, California 94304
(Received 30 March 1984; accepted for publication 14 May 1984)

A multiple-stripe quantum well heterostructure laser diode operated in an external grating cavity
is shown to exhibit the far-field radiation patterns of the “supermode” cigenstates predicted by
coupled mode analysis. Data (~7330 A) are presented on a gain-guided laser array at various
continuous (cw, 300 K) operating currents to illustrate the progression of the supermodes from .
double-lobed patterns (phase shift between emitters) to a single-lobed pattern (no phase shift
between emitters). As the cavity wavelength is scanned a cyclical progression (2.8-A period) of far-

field patterns (supermodes) is observed.

Since the successful continuous (cw) 300-K operation of
a phase-locked multiple-stripe semiconductor laser,' a quan-
tum well heterostructure (QWH),? this form of laser and its
potential for a higher performance level have attracted in-
creasing attention. Specifically, phase-locked multiple-
stripe quantum well heterostructure lasers offer significant
improvement in power output’’ and reduced beam diver-
gence* over previous devices. Coupled mode analysis of a
multiple-stripe semiconductor laser array® predicts the exis-
tence of a discrete set of N “‘supermodes” (N = the number
of laser stripes), with each supermode operating at slightly
different wavelength. The existence of these supermodes has
been confirmed in a recent study by spectrally resolving the
spatial profile of the optical intensity on the laser facet.” A
more direct way to study the supermodes is to “force” a
multiple-stripe QWH laser to operate at a given wavelength,
¢.g., in an external grating cavity,*'° and then examine the
far-field pattern of the resuiting supermode (or supermodes).
In this letter we describe this form of multipie-stripe laser
operation and confirm directly many of the features of the
coupled mode analysis of Ref. 6. Data are presented showing
clearly the far-field patterns corresponding to various super-
modes, at several currents, for a twenty-stripe {~S-um
centers) QWH diode operating continuously (cw) 300 K near
the visible (~ 7330 A).

The Al,Ga, _, As-Al_Ga, __As(x'~0.85 x~0.22)
QWH crystals of this work are grown by metalorganic
chemical vapor deposition {(MOCVD) as previously de-
scribed.'' The quantum well size is L, =400 A, and in the
form of ordinary single-stripe lasers this QWH crystal has
exhibited excellent short wavelength high power perfor-
mance.'? As in earlier work,”'? the single- or multiple-stripe
pattern is produced by proton bombardment through a thick
photoresist mask. An optical microscope is used to verify the
actual spacing of the array elements (in this case ~ S um) by
examination of the near-field pattern. After metallization
the QWH crystal is cleaved into 250-um bars and then sepa-
rated into individual dice that, in turn, are attached junction
side down onto copper blocks. The reflectivity of the diode
front facet is modified with an Al,O, antireflecting layer and
the back facet with an Al,0,/Al reflecting coating.

408 Appi. Phys. Lot 48 (4), 18 August 1984
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The diode front-facet emission is collimated with an -
£ 1.0, 50.8-mm focal length lens. A diffraction grating{7500
A blazej oriented with its rulings parallel to the crystal layers
disperses the collimated radiation and returns a major frac-
tion to the diode facet in the form of spectral bands (see Ref.
9). Fine control of the grating angle (or cavity wavelength) is
accomplished with a piezoelectric transducer built into the
{Burleigh) optical mount. The 15-um travel of the transducer
provides a ~6-A range over which the cavity wavelength
can be precisely controlled. The period of a complete cycle
through the supermodes is observed to be 2.8 A, which
agrees with the diode longitudinal mode spacing. The dis-
placement of the piezoelectric transducer is assumed linear
with applied voltage over a smail range (2.8 A) and is used to
obtain the wavelength splitting from supermode to super-
mode to within 0.1 A. The resolving power of the grating/
lens system is about 0.! A, which is sufficient in many cir-
cumstances to isolate a single supermode. ‘

A rectangular Al-coated mirror intercepts a small sec-
tion of the collimated beam and directs it, via a slit, onto a
fiber optic “light pipe” which scans the far-field emission
pattern. The optical signal (supermode pattern) is monitored
with a radiometer/strip chart recorder. The resolution of the
system is better than 0.5°. The linear scan of the collimated
radiation introduces an error in accordance with the approx-
imation tan x = x, which over small angles ( < 30", full angle)
is negligible. A small fraction of the emission is monitored
with a 0.5-m Jarrel-Ash monochromator {$0.2 A resolu-
tion) equipped with a GaAs response photomulitiplier and an
electrometer/strip chart recorder. Hence, the emission spec-
trum and far-field pattern can be simuitaneously recorded.

The set of far-field patterns shown in Fig. 1 is typical of
the cycle of supermodes observed at relatively high injection
currents (/ = 520 mA, P, = 70 mW, cw). A double-lobed
pattern with a 10" spacing between peaks occurs at 7326.7 A
and coincides with the L = 20 supermode (based on the pro-
gression of lobe separation). As the cavity wavelength is
shifted (via the grating) toward lower energy, the peak separ-
ation decreases as the diode is induced to operate in lower
order mode configurations. While often a single supermode
isdominant,e.g.,L = 16in(bland L = 11 in(c), oftentwoor

D 1984 Amencan institute of Physics




R B¢

.
i

| Efiect of layer size on lattice distortion in strained-layer superiattices
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The accommodation of lattice mismatch in strained-layer GaAs-In, Ga, _ , As (x=0.27)
superlattices grown by metalorganic chemical vapor deposition has been examined as a function
of layer thickness using transmission electron microscopy. The degree of distortion from cubic is
shown to be dependent on the layer thickness and at sufficiently large layer sizes (2 180 A)

dislocations are introduced at the interfaces.
PACS numbers: 61.16.Di, 61.70.Jc, 68.90. + g

It has recently been shown that the lattice mismatch in
strained-layer superlattices (SL's) is accommodated by the
tetragonal distortion of successive layers of the SL.! The de-
gree of distortion is dependent on the amount of lattice mis-
match between the two component layers. As in previous
work,' the results presented in this letter are obtained on
strained-layer SL crystals grown by metalorganic chemical
vapor deposition (MOCVD),>  specifically on
GaAs-In, Ga, _ ,As (x=0.27) SL’s. For these SL's the lat-
tice mismatch is 1.9%, which corresponds to a strain of
9.6 10~%. As shown earlier** these SL's, for layer sizes
Ly.L, $150 A, will operate as continuous (cw) 300-K pho-
topumped lasers for ~5 min (J,, ~ 10° A/cm?) before fail-
ing, thus providing powerful evidence that the layer inter-
faces for the as-grown SL are defect-free. This letter
presents, for these same high quality SL's (new samples), the
results of a transmission electron miscroscope (TEM) study
of specimens in which the lattice mismatch is kept constant
but the layer size is varied from SL to SL, with the quantum
wells and barriers being held equal in size (L, = L,). At
L, =L, 2180 A dislocations are introduced at the inter-
faces, which is in reasonable agreement with theoretical con-
siderations.®

The strained-layer GaAs-In, Ga, _ . As (x=0.27)SL's
of interest here have been grown by MOCVD as extensively
described elsewhere.>* Unlike ordinary SL's, however, the
crystals of this work have three separate SL’s grown in series
from smaller to larger size, and then from the largest size the
intermediate size SL and the smallest are repeated to give a
symmetrical “stack” of five SL's in the entire series that are
unwarped. Two of these SL stacks have been prepared: (a)
L, =L, =85, 120, 180, 120, 85 A and (b) L, = L, =35,
160, 240, 160, 35 A.

The SL crystals are prepared for examination in a Phi-
lips 420 TEM by sectioning (cleaving) normal to the plane of
growth [1100) plane] so that the layers can be imaged in cross
section. The specimens are then mechanicaily thinned and
ion milled to the point of electron transparency, the speci-
men normal being the {110] direction. As reported previous-
ly,! another SL specimen with 150-A layers has shown con-
siderable departure from cubic structure, there being an

*Now a1 Hewlett-Packard Research Laboratories. Palo Alto.

alternate expansion and contraction of successive layers in
the growth direction. In the case of the SL sections of the
present work with layer sizes 35 and 85 A, no measurable
distortion from cubic could be seen in selected-area-diffrac-
tion patterns as is shown in Fig. 1(a) (L.L, =35 A). The

_ electron diffraction patterns obtained from the superiattices

show two distinct features. (i} Satellite peaks are seen in the
growth direction equaily spaced around all the diffracted
peaks in the pattern. These reflect the variation in composi-
tion in the growth direction and are separated from the main
diffracted beams by a distance in reciprocal space 4g given
by‘l

1= [ah/(h‘+k‘+l’)]g' !

= 28

where A is the wavelength of the compositional modulation
and is equal to twice the layer size, A, k, [ are the Miller

- indices of the diffracted beam, g is the reciprocal lattice vec-
" tor of the diffracted beam, and a is the lattice parameter. It

can be seen from this equation that as the layer size increases,
the satellite spots get closer to the main diffracted spots, and
at layer sizes of about 120 A become indistinguishable in the
present measurements. (ii) As the layer size increases, the
main diffracted beam splits into two in the growth direction.
This splitting increases with the order of the diffracted spot
and does not therefore resuit from the periodic variation in
composition but must be crystallographic in origin. The su-
perlattice consists of two crystal structures which give rise to
the two diffracted beams in the growth direction. Derk field
imaging using the two beams reveals alternating contrast
which confirms that the different layers have different lattice
spacings. There appears to be no splitting in the growth
plane within the accuracy of our measurements, the diffrac-
tion pattern indicating that the superlattice consists of two
tetragonal crystal structures. The satellite peaks due to the
periodically varying composition are clearly seen in the 35-A
layers in the 004 diffraction spot shown in Fig. 1(a). For
larger layer sizes, however, the tetragonal distortion in the
SL becomes visible in the selected-area-diffraction pattern as
a splitting in the growth direction, which is evident in Fig.
1161 (L 5L, =180 A}. The satellite spots are much closer to
the main beam as the layer size increases.

The heterointerfaces between the layers in these
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GROWTH AND CHARACTERIZATION OF AlGsAs/GaAs QUANTUM WELL LASERS
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and
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lllinois 61801, USA

Quantum well heterostructure (QWH) lasers have unique and desirable characteristics. A review of a variety of QWH lasers,
including infrared and visible, single and multiple stripe devices, will be discussed. Emphasis will be on advances made in the last
three years, including broad band tuning with an external grating, wavelength modification by aanealing.and index-guiding by
. ity-induced disorderi

1. Introduction

Although the first reports of semiconductor
lasers appeared in 1962 [1-4], it was not until 1970
that continuous, room temperature laser operation
was demonstrated {5.6]. This achievement required
the implementation of lattice-matched heterostruc-
tures [7], which were fabricated by improved crystal
growth techniques. Since the early 1970's, much
effort has been devoted to refining both the laser
structure and crystal growth. Recently, one of
these techniques, metalorganic chemical vapor de-
position (MOCVD), has become increasingly pop-
ular as a consequence of its versatility and econ-
omy. The chemistry of MOCVD growth of III-V
compounds was pioneered by Manasevit as early
as 1968 [8]; however, it was Dupuis and Dapkus
[9] who demonstrated that high laser quality Al-

GaAs/GaAs heterostructures can be achieved by -3
MOCVD. MOCVD can also produce wafers of -
excellent uniformity, as evidenced by laser mea- Fig. 1. Transmission electron micrograph of portion of an 1
surements of threshold from various parts of a Al,Gs,_,As/AlAs/GaAs superlattice (SL grown by PR |
wafer [10-12]. MOCVD). The size of the composite AlAs-Al,Ga, _, As-AlAs s
(x=0.2) bmp is Ly =105 A and for the GaAs quantum :f

wells L, =90 A. The herringbone pattern of (111) planes o

2. Ultra-thin layers and abrupt interfaces (spacing 3.26 A) corresponding to the crystal [100) direction S
] . upward and [110] normal to the figure make possible accurate R

MO(;VD is also advantageous in that very layer measurements and identification of monolayer fluctua- BN
abrupt interfaces and very thin layers can be grown tions in AlAs layer size at (a) and (b). —
N

0022-0248 /84 /303.00 © Elsevier Science Publishers B.V. S,
(North-Holland Physics Publishing Division) =iy
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Two-Dimensional Numerical Analysis
of the

High Elactron Mobility Transistor
D. Hidiger’. K. Hess, and J. J. Coleman
Abstract

We develop a two-dimensional model for the High Electron Mobility Transistor
(HEMT) including conduction cutside the quantum well. The model uses the
continuity and power balance moment equations for both inside and outside the
well, with electron concentration and average energy as dependent variables, and
with parametars determined by Monte Carlo simulation. We show that conduction
cutside the well is dominant in the "pinch-off" region and that ccnsequently the
speed -advantage cf the HEMT over conventicnal devices dces not arisa from high
saturation velocities in the quantum well but rather from a3 lower access
~asistance as suggzested by a velocily profile ecalculaticn. 1t is further
demonstratad that several effects which are unimpertant in ccnventional FET's
are ¢f significance in the HEMT. Among these offects are electrcnic haat

cenducticn and to some extent real space transfer.

Tis work is supportad By Army Res2ar2h Office Contract DAAG 29-32-X-0059,
the Joint Services Electronics Program, and the Office ¢f Naval Research,
NOO14-76-C=08086.

The authers are with the Department of Zlectrical Engineering and
Jcerdinatad Science Laberatery, University of Illinois, Urwana, IL 51801,
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ABSTRACT

We develop a model for the High Electron
Mobility Transistor (HENMT) which simulates
conduction both inside and outside the
quantum-well subbands and includes hot electron
effects within the framework of average-energy-
dependent parameters in macroscopic transport
equations. At 77K we see significant velocity
overshoot and bulk conduction. From transient
sinulacions it 1is seen that the currente
switching speed i3 a function of the electron
transit time. From this we conclude thst the

advantage of the excellent conduction in the

quantum well is not 1in a high saturation
velocity at pincheoff but rather in a low access
~asistance. We also conclude that for the HEMT
current saturation cannot bde explained in terms
of a velocity saturation mechanism at the drain
edge of the zate, Finally, from steady-state
calculations ac 300K, we find that although
velocisy overshoot is reduced, the basic offects
are 3inilar to those seen at 77K.

INTRODUCTION

e recently-developed High Electron
#oo0ility Transistor (HEMT) [1] is a fieideeffect
Jevice dJhich takes advantage of the high
a9bilisy, two~dimensional electronic system
generated by the technigue of modulation-doping
221,731, This technique {ntroduces carriers
into aighepurity GaAs from donor ions in an
agjacent layer of AlyGaj_gis, the electrons and
ions separated Dy the bduilt-in heterojunction
potential., The spatial separation (rom impurity
icatterers and tiae nigh screaning of the dense
elaccroniz  system contribute to the Anigher
woility. The HEMT controls such a high-
nsbility conducting layer ia a [leld-effect
trarsistor arrangement. .

THE MODEL

T2 accurately model transport in the HEMT
sne =usS aczount for the iaportant hignefield
effects such as veiocity saturation, veloecity
Jvershoos, and negative Jdifferential resistance,
The 20del we have proposed [d4] does tnis Dy
ising the witzmann moment equations of
ontinuity and drifs/diffusion (53

D. Widiger, I. C. Kizilyalli, K. Hess, and J, J. Colemsn

P - of e /g;bMI_P,.., Nanciico 1989

TWO-DIMENSIONAL TRANSIENT SIMULATION OF THE HIGH ELECTRON MCBILITY TRANSISTOR

The Departaent of Electrical Engineering and Coordinated Science Laboratory,
University of Illinois, Urbana, IL 61801,

%% » 95 [-eungy+¥da]

(1
and power balance and energy flux
.33&3. = -j-Vy-aB
®  -a¥.[-unEVy+¥DaE) (2)

where n is the electron concentration, j is the
current density, ¥ is the potential,u, D, and 8
are the mobility, diffusion, and energy loss
parameters all taken as functions of the average
energy £ in a fashion similar to that of Buot
and Frey (6], and 2 1s a dimensionless constant
dependent on the power-law nature cf the
scattering and 1is set to 4/3, the value for
deformation=potential scattering. The fuac-
tional dependencies on E are deterained from
Monte Carlo simylations under steady~state and
homogeneous conditions and from experimen%al
data [7]. The power balance equation (2) is
slightly modified from that given in [51 which
assumes a 3oltzmann distribution to determine
the energy flux term (the term in brackets) by
assuming in addition a power law scattering
rate. .
‘ The model also includes transport in the
quantum well dy simulating a single jquantuam well
system coexisting with the bulk system. Only
the lowest quantum subband i3 included in the
quantum system, whereas =he second and higher
quantum subbands are counted to the bulk systenm,
This incorporates the important properties of
both quantum and bulk transport. The transport
equations are siailar to those for the bulk
system, The two systams are coupled by assuming
1) local quasi-equilibrium between the quantum
system and the buix systea, 3nd 2) <tae
diminishing of the proportion af quantum well
electrons to Dbulk electrons 3s «I, becomes
comparable to the energy difference Dbetween the
first two quantized energy levels, We have in
addaition assumed zero conduction in the AlGaAs.
The significance of transfer into the AlGaAs
(real space transfer [8]) can be estimated {rom
the results for the average energy.

A rectangular device zeometry is used. The
boundary conditions at tne source and drain are
assumed %0 %e the result c¢f the one=dimensional,
aquilibrium prsblem, 2y this choice <& nmodel
i{deal source and drain contacts. The potential
at she gate-insulaver interface is {ixed at the
gate potentiai  corrected far the Huiltein
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INTERFACE STRUCTURE OF GaAs/AlAs SEMICONDUCTOR SUPERLATTICES

PREPARED BY MOCVD

" 8.J.JENG, C.M. WAYMAN

Department of Metallurgy and Mining Engineering and Materials Research Laboratory, University of IMlinois,

Urbama, IL 61801, USA
and
G. COSTRINI and J.J. COLEMAN

Electrical Engineering Research Laboratory and Materials Research Laboratory, University of [llinois.

Urbama, IL 61801, USA

Received 13 April 1984

The heterointerfaces in GaAs/AlAs semiconductor superlattices grown by the MOCVD technique have been examined
on the atomic scale using high-tesolution transmission electzon microscopy and were found to be atomically smooth and

without defects.

1. Introduction

Semiconductor superlattice structures are of interest
because of their special electronic and optical proper-
ties {1~3]. Electrons and holes can be confined to
two-dimensional quantum states in thin semiconduc-
tor layers or at semiconductor heterointerfaces, and
high-mobility electronic devices can be made. These
quantum effects are sensitive to the detailed nature of
the interfaces, which in turn are closely dependent on
the conditions of epitaxial growth. Metal-organic
chemical vapor deposition (MOCVD) (3,4] can pro-
duce uniform epitaxial layers with atomically smooth
interfaces. The process is carried out near atmospheric
pressure and the ultrahigh-vacuum equipment required
for molecular beam epitaxy (MBE) [5] is not neces-
sary. In this report, the results of a recent study of
MOCVD superlattice structures performed by both
conventional and high-resolution transmissjon electron
microscopy are presented. These data show that the
interfaces of these superlattices are atomically smooth
and defect free.

0 167-577x/84/S 03.00 © Elsevier Science Publishers B.V.

(North-Holland Physics Publishing Division)

2. Experimental methods

Two GaAs/AlAs superlattices, with GaAs and AlAs

layer thicknesses of 20 and 100 A respectively, were

grown on {100} GaAs substrates using the MOCVD
growth process. Slabs from such specimens were then
cleaved on {110} planes, and the two slabs were ce-
mented together edge-to-edge in twin orientation with
the superlattice side in the middle as described by
Pettit et al. [6]. After mechanicaily thinning to =500
um in thickness the specimens were ion milled to elec-
tron transparency using a cold stage and argon beam
at a low incidence angle. The superlattice structures
were then observed in cross section. The {110} cleav-
age planes are preferred because of their ease of cleav-
age, after which the desired heterointerfaces are ori-
ented edge-on. Also, it should be noted thata {110}
projection is the most “open” projected structure in
the zincblende case. Electron microscopy was per-
formed using a Philips EM420 microscope with a
LaBg filament source and line resolution of 2 A, oper-
ated at 120 kV.
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Conditions for Uniform Growth of GaAs by Metalorganic Chemical

Vapor Deposition in a Vertical Reactor

Ge. Costrini and J.J. Coleman
Electrical Engineering Research Laboratory, Materials Research Laboratory

Univeristy of Illinois at Urbana-Champaign, Urbana, Illinois 61801

Abstract
The uniformity of epitaxial growth of GaAs by metalorganic chemical vapor
deposicion (MOCVD) 1in a vertical~flow rotating-disk reactor has been
investigated. Observations of the thickness of the epitaxial layer versus
radial distance on the susceptor surface are made for various conditions of
carrier gas flow and growth temperature. A model {s proposed in consideration
of hydrodynamic and thermdl boundary layer effects at the susceptor surface.

The effects of a parasitic processes in the limit of smaller boundary layers

and transition to source 1input rate-limited growth in the limit of thicker

boundary layeré are described
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K. Meehan, P. Gavrilovi¢, and N. Holonyak, Jr.

sfrlpe-geometry Al Ga, _,As-GaAs quantum well heterostructure lasers
defined by Si diffusion and disordering

Electrical Engineering Research Laboratory and Materials Research Laboratory, University of Illinois at

Urbana~Champaign, Urbana, Illinois 61801
R. D. Bumham and R. L. Thornton

Xerox Palo Alto Research Center, Palo Alto, Califernia 94304

{Received 4 September 1984; accepted for publication 16 October 1984)

The use of Si diffusion and impurity-induced layer disordering, via a Si;N, mask pattern, to
construct stripe-geometry Al, Ga, _ , As-GaAs quantum well heterostructure lasers dn #-type
substrates is described. This leads to a convenient form of index-guided buried-heterostructure
laser that is easily constructed and replicated {in various geometries) on commonly available n-

type GaAs substrate,

Modemn methods of crystal growth have made it rela-
tively easy to realize the basic ultrathin layered structure of a
quantum well laser.' In some respects a more difficult matter
is that of how to convert, laterally or transversely, the
layered heterostructure into some form of stripe geometry,
which is a more or less standard form for semiconductor
lasers. Possibly an ideal way to convert a layered structure
into a stripe geometry, or indeed into an arbitrary shape, is
by impurity-induced disordering.>* For example, Zn diffu-
sioninto an Al, Ga, _ , As-GaAs quantum well heterostruc-
ture (QWH) or superlattice (SL), which can be masked,>*
intermixes Al and Ga, intermixes high-gap and low-gap lay-
ers, and increases (by the transformation of thin layers to
bulk crystal) the energy gap of initially quantum well re-
gions. Ifthis is applied to the usual QWH grown on an n-type
wafer, the Zn-disordered region creates a considerable la-
teral shunt adjacent to the as-grown QWH stripe.*’ This

~ can, of course, be avoided by the use of 2 p-type substrate.**

These (p substrates), hiowever, are less common, lower in
mobility, and less useful for integrating other devices on the
same substrate. For an n-type substrate with various a-type
epitaxial layers grown first and then quantum wells and p-
type layers on top, the conversion of this structure to a (“p
up”) stripe-geometry laser requires (on its sides or edges) a
donor disordering process, preferably one that can be ac-
complished by simple impurity diffusion. Such a disordering
process has recently been demonstrated.’ Silicon has been
diffused into an Al Ga, _,As-GaAs SL and, where not
masked, has converted the SL to higher gap bulk crystal. In
the present letter we describe the use of Si diffusion and layer
disordering, via a Si,N, mask pattern, to construct stripe-
geometry QWH lasers (buried heterostructure lasers) grown
on n-type substrates.

The double-well QWH wafer used in this work has been
grown by metalorganic chemical vapor deposition
(MOCVD)*® and previously has been used in thermal an-
nealing and quantum well broadening experiments.'’ The
active region (see Fig. 2 of Ref. 10) consists of two L, = 85-A
GaAs quantum wells (x = 0 Al, Ga, _ . As) that are coupled
with an L, =95-A Al,Ga, _, As (x’'~0.3} barrier. The
wells and barrier are located approximately in the center of a
large 1L, =0.23 um) Al, Ga, _, As (x' ~0.30) waveguide.
The quantum wells and the waveguide are undoped. This

A, A v P AN

region is confined on the substrate side by an a-type
AlL.Ga, _,- As (g, ~5X10"/cm’, x° ~0.85) layer (~1.2
pm) and on the top side by a ~l.7-.um-thick p-type
Al,.Ga, _,. As(ny,, ~5X10"/cm’, x" ~0.85) layer. A 0.8-
p#m Zn-doped GaAs cap layer, on a 0.5-um Mg-doped
AL Ga, _,As (y~0.15) transition layer, is grown on top for
metallization and current contacts.

As with Zn-induced disordering in a pattern forming a
stripe active region,’ the initial wafer preparation is the
same. A 0.l-um Si,N, masking layer is deposited on the
QWH wafer. Using photoresist lithography and CF, plasma
etching, we prepare a set of 24-um Si,N, stripes on 20-mil
centers. The p-type GaAs cap and p-type Al, Ga, _, As tran-
sition layer are then selectively removed except under the
Si,N, stripes. These layers are removed between the stripes
$0 as not to impede the Si diffusion. After the diffusion and
disordering, a narrow ~24-um as-grown QWH p-type
stripe remains; at its edges, of course, the stripe is converted
to n type by the Si diffusion {see Fig. 1).

Prior to the diffusion the wafer is cleaned using a short
HCI etch to remove any surface oxides, and then a thin
(~100 A) Si layer is electron beam evaporated onto the sur-

~¢As~AlvGal_+As QWH §

FIG. 1. Scanning electron microscope (SEM) image of an etched 24-um-
wide Al,.Ga, _,.-As-Al, Ga, _, As-Al,Ga, _ As 1x° ~0.85, x'~0.30,
x = 0) quantum well heterostructure QWH) laser stnpe (end view) defined
by Si diffusion and disordenng. The as-grown p-n QWH is shown in the
center 124 umi. The Si diffused and disordered areas (no quantum wells) are
the regions converted 10 2 type on the left and the nght.
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DONOR-INDUCED DISORDER-DEFINED BURIED-HETEROSTRUCTURE

Al Ga,_,As-GaAs QUANTUM WELL LASERS

K. Meehan, P. Gavrilovic, J.E. Epler,a) KeC. Hsieh, and N, Holonyak, Jr.
Electrical Engineering Research ﬁaboratoty and Materials Research Laboratory

University of Illinois at Urbana-Champaign, Urbana, Illinois 61801

ReD. Burnham, R.L. Thornton, and W. Streifer

Xerox Palo Alto Researcﬁ Center, Palo Alto, California 94304

Abstract
A simple form of buried heterostructure Aleal_xAs-GaAs quantum well
laser is -described that is realized by impurity-induced layer disordering

(donor-induced disordering). The layer disordering, and the resulting band-

gap shift to higher energy (and lower index), is accomplished by Si diffusion
in a stripe pattern defined by a Si3N4 maske Single mode lasers of stripe
width 3 un and 6 pn are demonstrated that operate coﬁtinuously at 300 X in the

threshold current range of 10-25 mA and with single-facet power levels as high

as 10-20 aW.
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SUPERMODES OF MULTIPLE-STRIPE QUANTUM WELL HETEROSTRUCTURE LASER :

DIODES OPERATED (cw, 300 K) IN AN EXTERNAL GRATING CAVITY

J.E. Epler and N. Holonyak, Jr.,
Electrical Et{gineering Research Laboratory and Materials Research Laboratory

Univefis:y of Illinois at Urbana~Champaign, Urbana, Illinois 6180l

R.D. Burnham, T.L. Paoli, and W. Streifer
Xerox Palo Alto Research Center

Palo Alto, California 94304

The far-field supermode batterns of a phase~locked ml:iple-s‘ttipe
quantum well heterostructure (QWH) laser diode are described as a function of
injection current and emission wavelength, the latter controlled by an
external grating. The external-grating cavity 1s used to isolate single or
multiple supermodes _of the mlcip}.e-sttipe QWH laser (Pou: > 170 oW cw,
A~ 7400 A). The progreséion of supermode patterns coﬁéisc; of a Aiscre:e set
of mode configurations for each longitudinal mode of the spectrum. The
progression is cyclic with a . 2.8 A period which corresponds to the
longitudinal mode spaci;xg of the diode. Under high gain conditions, i.e.,
near the center of the recombination—-radiation spectrum or at higher current
levels, continuous tunability is observed with gradual transitions between
supermode eigenstates. As the gain is reduced (low current) the number of
supermodes observed decreases until only the in-phase pattern, i.e., each
enitter at the same phase, remains above threshold. The far-field patterns
range from a double~lobe pattern with a 10° peak separation (5 um between
emitter phase reversals) to a narrow (< 2° full angle half power) single-lobe

in~phase pattern. The experimental data are compared to the results of

coupled mode analysis.
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PRESSURE DEPENDENCE OF Aleal_xAs LIGHT EMITTING

DIODES NEAR THE DIRECT-INDIRECT TRANSITION

R.W, K‘liski. Jo.E. Eplet, and N, mlonyak' Jre
Electrical Engineering Research Laboratory and Materials Research Laboratory

University of Illinois at Urbana-Champaign, Urbana, Illinois 61801

M.J. Peanasky, G.A. Herrmannsfeldt, and H.G. Drickamer

e 1

School of Chemical Sciences, Department of Physics and

Materials Research Laboratory

University of Illinois at Urbana-Champaign, Urbana, Illinois 61081

M.J. Tsai, M.D. Camras, F.G. Kellert, C.H. Wu, and M.G. Craford
Opto-Electronic Laboratory, Hewlett Packard Corporation

Palo Alto, California 94304

" Abstract

High pressure studies on high quality Al Ga,_  As double heterostructure
(DH) 1light emitting diodes (LED's) growm by liquid phase epitaxy (LPE) are
presented. The Al Ga,; _As active region varies in composition from x . 0.25
to ~ 0.53, i.e., through the critical region of the direct-indirect transition
(x = x, ~ 0.45). The pressure coefficient of the ' conduction band is
observed to decrease (. ! meV/kbar for x . 0.25 to x . 0.53) with increasing
Al concentration, which 1is in accord with alloy disorder and band edge
bowing. Indirect-gap (X) recombination radiation of significant intensity is

obgserved and provides evidence for the high quality of the LPE diodes. High =~

pressure measurements, and the increase in energy of the direct band edge and ::ig
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RYDROSTATIC PRESSURE MEASUREMENTS ( 12 kbar) ON SINGLE-

AND MULTIPLE-STRIPE QUANTUM-WELL HETEROSTRUCTURE LASER DIODES

J.E. Epler, R.W. Kaliski, and N, !blonyak, Jre.
Electrical Engineering Research Laboratory and Materials.Research Laboratory

University of Illinois at Urbana-Champaign, Urbana, Illinois 61801

F M.J. Peanasky, G.A. Herrmannsfeldt, and H.G. Drickamer
School of Chemical Sciences, Department of Physics and
. Materials Research Laboratory

).
k University of Illinois at Urbana-Champaign, Urbana, Illinois 61801

R.D. Burnham and R.L. Thornton

Xerox Palo Alto Research Center, Palo Alto, California 94304

Short wavelfangth. A}x,cal_x,As-Aleal_xAé (x" - 0.85, x - 9.22) quantum
well heteroscfucture (QWH) laser diodes (well size L, = 400 A) that operate
continuously (ew) at 300 K are subjected to hydrostatic pressure
({ 12 kbar). The emission spectrum and the light intensity versus current
(L-1) curves are monitored to determine the pressure dependence of the direct
(I') bandgap and the threshold current. The bandgap exhibits a linear pressure
dependence with a noticeable change in slope at . 4.5 kbar, similar to
previously reported results for Aleal_xAs-GaAs QWH diodes. The threshold
current increases monotonically with pressure, reflecting the increasing loss
of carriers to the X- and L-bands. The short-wavelength cw limit of the

system, i.e., a gain~guided laser with a 400~A Alea As (x . 0.22) quantum

l=-x

well and no separate waveguide region, is determined to be ~ 6980 A.
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Two-dimensional Transieat Simulation of an (:::>

~

Idealized High Electron Mobility Tramsistor

D. Widiger®, I, c. Kizilyalli, K. Hess, and J. J. Coleman
. Abstract

We develop a model for the High Electron Mobility Transistor (HEMT)

in which we include both hot electron effects and conduction outside the
E quantum subband system using hydrodynamic-like transport equations,
With such a model we can assess the significange of the various physical
phenomena involved in the operation of the HEMT. We calculate results
with a two-dimensional numerical technique for both steady-state and
» transient operation. For a 3 micron device at 77K, we determine a
transconductance of 450 mS/min, a current-switching speed of 6 ps, and a
capacitive charging speed of 4 ps per fan-out gate which corresponds to

the performance measured by other workers. We also see that electromic
heating, velocity overshoot, and conduction ocutside the quantum well are

significant near the pinch~off point. We conclude that the advantage of

HEMT is twofold. The excellent conduction in the quantum well results
i - in a low access resistance and the low impurity concentration in the

GaAs results in optimum overshoot effects.
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. ABSTRACT:

The structure and quality of the heterointerfaces of AlAs/GaAs
semiconductor superlattices grown by the MOCVD technique have been _

examined on the atomic scale using high resolution electron microscopy

lattice imaging. The interface of either GaAs grown on AlAs (Al,Gay_yAs) +
or AlAs (AIxGa]-xAs) grown on GaAs is atomically smooth and without ] "1

defects in both cases, and the interface quality IS not degraded by

increasing efther the layer size or the Al composition. 0
INTRODUCT ION:
In semiconductor devices, crystailine defects can be non-radiative

recombination centers which reduce the carrier 1ifetime and, therefore, the )
T
quantum efficiency in optoelectronic devices. impurities, furthermore, can EBEN
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